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PREFACE 


During the academic year 1908-9 the author was privileged to give as a 
part of his work at the University of Michigan a course of lectures on infinite 
series, with especial -reference in the second semester to divergent series —a 
subject which, despite the uncertain value so long attached to it, seemed clearly 
to be coming into increasing prominence and importance in mathematical 
analysis. Little was accomplished, however, as regards divergent series beyond 
the merest beginning; yet this was sufficient to awaken a desire to continue 
farther and this in turn resulted in a course being given throughout the whole 
of the following year devoted entirely to divergent series and the related topic 
of summability. But this year also closed with much less ground satisfactorily 
covered than had been expected, unforeseen difficulties having arisen from time 
to time, some due to the inherent complexities of the subject in hand and others 
to the somewhat hastily conceived and hence unsatisfactory state in which 
much of the related literature was found to be. Thus the course still seemed 
altogether incomplete. It was therefore decided to continue it once more 
throughout the following year, 1910-11, and indeed for a like reason it was 
finally continued throughout 1911-12. As the lectures and class-room dis- 
cussions progressed, permanent notes were kept in the hope that the whole might 
possibly pass through the press at some future time and appear in book form— 
a hope which, after various delays during which the original notes have been 
considerably supplemented, now reaches its realization in the appearance of the 
present volume. In its final form it certainly presents a large mass of detail 
and is doubtless open to criticism in many respects, but it does not seem advisable 
to attempt any further defence for it than is contained in the remaining sections 
of this preface wherein, after certain generalities, the content and motive of the 
various chapters are discussed in some detail. 

Speaking roughly, the study of divergent series, at least as the author has 
come to conceive of it, may be divided into two parts, the one concerning the 
so-called asymptotic series and the other the theory of swmmability. Of these the 
first, representing the older aspect, originated in an isolated note by Caucuy 
in 1843! relating to the well-known series of Stirling for log I'(z), viz.: 


Ly SS Bee alee 
x 3-423" 5-628 ; 


(Bm = mth Bernoulli number.) 


B 
Gy lop VG) = flog 2r + (2 — 3) loge = 2-75 


Caucuy pointed out that this series, though divergent for all values of a, may be 


1 “Sur l'emploi légitime des séries divergentes,” Compt. Rend. de l Acad. des Sciences, Vol. 17, 


_ 370-876. : 
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used in computing log I'(x) when z is large (and positive)—in fact, it was shown 
that, having fixed the number n of terms taken, the absolute error committed by 
stopping the summation at the nth term is less than the absolute value of the 
next succeeding term, and hence becomes arbitrarily small (n > 3) with in- 
creasing x. Caucuy’s work on divergent series was confined, however, to the 
single series (1) and, owing to the emphasis placed upon convergent processes 
exclusively by the successors of Caucuy and ABEL, no further progress was made 
in this interesting field until the subject at last reappeared after more than forty 
years in connection with the researches of Porncar& upon the irregular solutions 
of linear differential equations.? Porncaré considered those divergent series 
(normal series) of the form ae 

(2) ef 2° (ag + aie + a2/a? + +++); Ae aS dete ea 


which for some time had been known to satisfy formally linear differential equa- 
tions of certain types having the point x = © as an “irregular” point, and he 
showed essentially that in general to every such formal solution there corre- 
sponds an actual solution which can be represented by (2) in much the same sense 
as (1) was described above as representing log I'(z).* In view of the important 
significance of such results both from the standpoint of the possible use of di- 
vergent series as well as from that of the theory of differential equations, PoIn- 
CARE set apart and discussed in some detail a broad class of divergent series of 
the special form (2), applying to them the name of “ asymptotic series.” PorIn- 
CARE’s results, however, in so far as they concerned differential equations, were 
noticeably incomplete, being limited by certain unfortunate restrictions, and thus 
his original studies have given rise in later years to numerous researches, notably 
by Horv, in which noteworthy advances have been made, though open questions 
in this connection still remain. Corresponding investigations (likewise begun by 
PoINcARE) pertaining to linear difference equations have been undertaken in 
recent years and carried to an advanced stage by Horn, NORLUND, and others. 
Meanwhile an important aspect of the theory of asymptotic series has come into 
view, especially in England under the leadership of BARNES and Harpy; namely, 
that of actually determining the asymptotic developments of a given function— 
a problem of decided interest for the study and classification of functions in gen- 
eral. This latter aspect of the subject presents a high degree of complexity 
and doubtless has made hardly more than a beginning at the present time. In 
fact, it has thus far been approached only by confining the attention to a very 
limited number of special functional types.4 


2 “Sur les intégrales irréguliéres des équations linéaires,” Acta Math., Vol. 8 (1886), pp. 259- 
344. Mention should be made also of Strmttsus who simultaneously with Porncarf resumed the 
study of divergent series, confining his attention, however, to the computational aspects of certain 
special series. (Thesis, Ann, de Ec. Nor. (8), Vol. 3 (1886), p. 201.) 

’ For the more accurate statements, see Chap. III. 

4 For details, see Chap. II. 
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The theory of summability, or second general aspect of divergent series 
mentioned above, is essentially concerned with the question as to whether in 
any proper sense a “sum” may be assigned to the series, assumed divergent, 


(3) Sa. 


This question has been scientifically attacked only within comparatively recent 
years, the most common avenue of approach being through the so-called boun- 
dary-value (Grenzwert) problem in the theory of analytic functions.> Thus 
FROBENIUS, without having in view the study of divergent series, showed in the 
first place that if one has a power series whose radius of convergence is equal to 1: 


fee} 

(4) DS apt” ' r = radius of convergence = 1 
n=0 

and writes s, = a) + a: + --- + a, then 


(5) lim SS an” = Price + Sy ob este -l- a 


z=1—0 n=0 n=0 aie ok 
whenever the indicated limit on the right exists.6 Now, the first member of (5) 
is naturally associated with the corresponding series (3) (in general divergent) 
obtained by placing x = 1in (4). Thus, at least if one confines the attention to 
divergent series (3) of the particular type just mentioned, it becomes natural to 
assign sums in accordance with the formula 


© fee a 


whenever the indicated limit exists. Moreover, this formula finds additional 
justification in the demonstrable fact that for any convergent series (3) the sum, 
regarded in the ordinary sense, viz., s = lim s,, agrees with that given by (6)— 


1. e., formula (6) is consistent. Aside from this one formula (6) many others are 
now known which serve with more or less appropriateness to define the sum of a 
divergent series, both when the series is of the special type above mentioned and 
when otherwise. To what ultimate extent these formulas are appropriate, how 
far the theories of summability erected upon them serve any justifiable purpose 
in analysis, whether the different sums thus assigned involve mutual incon- 
sistencies—these and other questions may well be asked and more will be said on 
this point presently.’ Suffice it to say here that formula (6) has been found in 


5 For an elementary description of the problem, see JAHRAUS, “Das Verhalten der Potenz- 
reihen auf dem Konvergenzkreise historisch-kritisch dargestellt.’”’ Program des Gymnasiums 
Ludwigshafen (1901), pp. 1-56. See also Knopp, ‘‘Grenzwerte von Reihen bei der Annaherung 
an die Konvergenzgrenze.’’ Dissertation, Berlin, 1907. 

& “Ueber die Leibnitzsche Reihe,” Jour. ftir Math., Vol. 89 (1880), pp. 262-264. 

7 Interesting comments by PrincsHeErM relative to such questions are to be found in Vol. I 
of the ‘“Encyklopidie der math. Wissenschaften,’ §§ 39-40. 
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particular to yield interesting and valuable results when applied to Fourier series 
and the other important allied developments in mathematical physics — develop- 
ments in terms of Bessel functions, Legendre functions, etc. Such applications 
alone go far toward assuring a permanent place in analysis to the theory of 
summability as now commonly understood. . 

Turning now more specifically to the contents of the present volume, Chapter I 
considers certain aspects of the so-called Maclaurin Sum-Formula, the especial 
aim being to develop and summarize into actual theorems those results which 
are of importance in this connection to the study of divergent series. ‘These 
when once obtained are of particular service in the problem of determining the 
asymptotic developments of a given function, and it is to this that Chapter II 
is then devoted. Beginning with very easy illustrative studies, the Chapter 
proceeds to problems of greater and greater difficulty and eventually treats 
the general problem already considered by various investigators of determining 
the asymptotic developments of the general integral (entire) function of rank p 
(order > 0), following which, at the close of the chapter, the problem of deter- 
mining the asymptotic developments of functions defined by power series is 
briefly considered. Chapter III concerns the asymptotic solutions of linear 
differential equations and is an attempt to summarize briefly and without proof 
what are deemed to be the most essential results thus far known in this field, 
with mention also of the corresponding results obtainable in the study of linear 
difference equations, and with indications as to certain open questions still 
remaining in both connections. Chapter IV considers the theory of summability 
with the especial attempt, as in previous chapters, to single out what seems most 
essential. More specifically, it makes an examination of a few of the standard 
definitions of ‘‘ sum ” with the idea of subjecting each to a number of tests which, 
as the author has come to view the subject, every such definition should satisfy. 
For example, it is well known that if a really logical general theory of summa- 
bility is ever to be constructed it cannot include all definitions of sum that satisfy 
merely the condition of consistency (§ 37) since this alone does not insure unique- 
ness of sum. Therefore, observing the genesis of the whole subject from the 
boundary value problem as described above, it is proposed to arbitrarily limit 
the general theory to those series (3) for which the corresponding power series (4) 
has a radius of convergence equal to 1 and then retain only such definitions of 
sum as give the unique value 

s= lim >> anv. 
x=1—0 n=0 

Definitions which do this are said to satisfy the boundary value condition (§ 39). 
Such definitions not only all give the same sum to a given series (convergent or 
divergent) (3), but they at once serve a useful purpose in analysis from the fact 
that they frequently come to furnish the analytic continuation of the series (4) 
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over some portion of its circle of convergence, or indeed in some cases, as in the 
definitions of Borg, throughout regions lying entirely outside that circle. How- 
ever limited the scope of a general theory of summability as thus conceived, it 
at least has perfect definiteness and logical coherence and finds immediate use- 
fulness in the theory of functions of a complex variable, and we venture the 
opinion that some such characteristics as these must be preserved in any general 
theory of summability that is to retain a permanent place in analysis. No 
attempt will be made here to describe the other tests which Chapter IV sets up, 
but it should be remarked that only a few of the standard definitions of sum 
are tested out since they sufiice to illustrate the spirit of the undertaking. The 
chapter closes with a brief account of absolutely summable series and a state- 
ment of certain supplementary theorems and corollaries upon summability in 
general. 

A most important aspect of the theory of summability, as the author regards 
it, lies in its applications mentioned above to Fourier series and other allied 
developments in mathematical physics, and this forms the subject of Chapter V. 
For the sake of completeness the treatment is made to include both convergence 
and summability. It is based upon a general method for the study of all such 
developments due to Drnr and appearing, though in somewhat diffuse and 
inaccessible form, in his great work entitled “‘ Serie di Fourier e altre rappre- 
sentazioni analitiche delle funzioni di una variabile reale”’ (Pisa, 1880). Dunt 
naturally considered at the time of his investigations only the question of con- 
vergence (not including uniform convergence), but his methods are here shown 
to be readily extended so as to be applicable to studies in summability. Especial 
effort has been made here as in the other chapters to summarize all essential 
conclusions from time to time into actual theorems. 

To Professor Alexander Ziwet the author would here express his deep grati- 
tude. Not only has the book enjoyed the benefits of his critical judgment in 
many ways, but his sympathy and kindly interest have served as a constant en- 
couragement, and indeed they are responsible in no small measure for the ap- 
pearance of the whole in its present form. The author is much indebted also 
to his colleagues Professors C. E. Love and Tomlinson Fort, the former for 
various suggestions and criticisms, and the latter for the valuable aid he has 
rendered in reading the proofs. 

ANN ARBOR, 

April, 1915 


8 The adoption of any one definition for ‘‘summable series” evidently involves the excluding 
of many series previously classed as summable; yet we believe the time has arrived when a single 
universal definition should if possible be agreed upon, however disastrous its immediate effects 
upon one or more of the special forms of definition now current. The present situation in this 
matter is strikingly analogous to the state of confusion which led Caucuy and Ase. to the formu- 
lation of their universal definition for ‘convergent series,” notwithstanding the exclusions brought 
about and the consequent objections urged by contemporary mathematicians. 
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CHAPTER I 


THE MACLAURIN SUM-FORMULA, WITH INTRODUCTION TO THE STUDY OF 
ASYMPTOTIC SERIES 


1. The following formula (Maclaurin Sum-Formula!) 
> ves Buh 
Lie) =; [ i@er - 300 - 101+ UO — FO 


(1) (=) Fie 


Bh 
sO a ie ee nee 


+ +5; B,, = mth Bernoulli number 


plays an important part in the modern theory of divergent series and we shall 
therefore begin by pointing out certain facts (cf. Theorems I, II, III and IV) 
connected with its legitimate use. These will form the basis of the studies 
undertaken in Chapter IT. 

Following the discussion of (1), we shall also give in the present Chapter 
(ef. $$ 13-17) an outline of the general theory of asymptotic series as originally 
developed by Porncaré in his classical memoir in the Acta Mathematica (1886), 
the elements of this theory being likewise needed for the proper development 
of Chapter II. 

2. In order to carry out the desired studies relative to the formula (1), let 
us begin by supposing that there is given any function wu, (real or complex) of 
the real variable x which, together with its first 2m-+1 derivatives, is continuous 
within a certain interval (a,b). For any value of xsuchthata Sv Sa+h< b 
(h = constant) we may then write 
Mel ee ee ree a! eee heroes to) 

Us = Usth — Ue = hus’ + 5) Ua’ + = Oni? 


(2) h (h ve z)2m 


ce , (2m)! 


unre da, 
as appears directly upon applying an integration by parts 2m times to the last 
term in the second member. 

More generally, it appears in like manner that when 0 =k S 2m —1 we 
may write 

1 Known also as the Euler sum-formula. For comments upon the historical aspect of the 
subject, see Barnzgs, Proceedings London Math. Soc. (2), Vol. 3 (1905), p. 253. 
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2 Tur MAcCLAURIN SUM-FORMULA 
h? 4 ae ue “o 


(3) od 3 Lo OD sci: 
yom) 
i : (2m xa) k)| Un+s dz, 


while the corresponding formula for the case k = 2m is 


A 
(4) Au,” = i ume Dd, 
0 


Whence if Ho, Hi, Ho, »++ Hom be the 2m -+ 1 constants determined by the 
equations 
Hy — 18 ee = 0, 


(5) a Hy-2 


we shall have 
Qn h 2m H h*(h sas 2 pats 
ae ! k (ne (eepls \ ee eee en aes 
hite + 20 Heh Aue fu yen Om — by dz 


k=0 


or 
2m 

(6) hus’ = >, Hy,h*Au,™ + rn(a, h) 
k=0 

where 


H,,h*( — gyn 
ee Seay 
(7) BOOS fo > saat 


Formula (6) bears a close relation, as we shall see, to the Maclaurin Sum- 
Formula (1). 

We first proceed to determine the values of the constants H;, noting certain 
changes which thereby become possible in the form of (7). 

If we place 


ge Hes el ee ee 
gaml@) = omy t Qm— DI? Qm—Di* Qm—4! 


®) Hi oh 
ae 
and 
os Ahi HH; hig Hom?" 12 
(9) Vanl®) = Gan Byt h Om eo ee 
we have 


h 
Baga es Hi 2+) om — 2) + Wom(h — 2)]dz 


Let us now develop gm(h — 2) + Wom(h — 2) in ascending powers of z. We 
obtain 
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2m k ‘ss 2n— 
om h ame 2) me Yom(h = 2) = mu HH, nhs) —— 


(2m — k)! 
inner — 2m ene 2m—j H, 
Pa Ae 7 5 
-> : Dae One eg ce 4) 0 xn (2m — k — 9)! 


But from (5) we have 


2m—j H, 1 H 


ar Be : . Pate dE Ses 
> re ae O+ Hom—j = Hom-j (j + 2m — 1); 2, a bl Hy. 
Whence, 


Hol" | Hyhgm-t = ie 


gan — 2) + vom(h — 2) = Gori t Gm oat 24 (— Diam sy 


= Gm(%) — Pom(Z)- 


Thus, if we place z = h/2 we obtain 


m(i)-- (4), w(elee 


The last relation, however, cannot exist for all positive integral values of m unless 
the coefficients of the various terms of W2n(z) are each equal to zero. Hence, 


(10) A; = H; = H7= +++ = Hm1 = 0, 
and we obtain the relations 
h 
(11) ral, B) = — | ut ean(ht — 2) 
0 
(12) Gam(h — 2) = Gom(z). 


As to the coefficients H,, Hz, Hs, He, --+ Hom—2, we have? 


(— 1). 


(13) Hy, = — 3, Ho, = TOnlm ce 


r= 1, 2,3, --- (m—1) 
where B, is the rth Bernoulli number. 

3. We now proceed to establish the two following properties of the functions 
2m(z) (commonly known in case h = J as the functions of Bernoulli): 

(a) “‘ The function ¢em(z) does not change sign between z = 0 and z = fh and 
is positive in this domain when m is even and negative when m is odd.” 

(b) “ The expression |¢am(z)| when considered for values of z between z = 0 
and z = h has its maximum value at z = h/2.” 

2 This result like others which concern the well-known properties of the Bernoulli numbers 


and functions, will here be presupposed. For a proof, see MatusteEn, Journ. fiir Math., Vol. 35 
(1847), p. 64. 
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For the proof of (a) let us consider the expression 
; e g2m—3 A, hg2m—4 H, f2z2m—5 Hihir! 
P'm-2(2) = on — 8)1* Gm— 41? Qm— 51!’ Om— I 


H Seat f2m-6 2 3 


a a ae + Hon. 


Supposing for the moment that this is positive whenever 0 < z < h/2, let us 
multiply it by h-"dh and integrate from h=h to h= +. The result, 
except for the factor h-?"*1, is 


g2m—3 Hy, g2m—4h, H, g2m—5 h2 
(2m — 3)! Qm — 1) ome aoe 2) (On = Bens 


= Hom 522h?™-® — Hom 4zh2m-4 
3!5 113 , 


Se 


and this must likewise be positive when 0 < z< h/2. Let us now multiply 
the last expression by dz and integrate from z = z to z = h/2. We obtain 


pay ne 
4 h/2 e Pom ( 9 ) 
= = Hams | Reig ae fl) + 2 


No) > 


But ¢,,,(h/2) = 0, as follows from (12). We therefore conclude that if ¢;,,_,(z) 
is positive when 0 <z< h/2, then g,,,(z) is negative throughout the same 
domain. Now, ¢2(z) = 22/2 — zh/2, 93(z) = z—h/2. Whence, ¢,,,(z), con- 
sidered for values of z within the indicated interval, will be positive or negative 
according as m is even or odd, while the expression 


pee f oud: 


will be positive if m is even and negative if m is odd. It follows from (12) that 
om(2) has the indicated properties for the interval 0 < z < h. 

Concerning (b) we note that if m is even we have shown that g2m’(z) is positive 
when 0 < z < h/2 and that ,,,(h/2) = 0. Moreover, since 


Pam(2) aaa Dom (h a 2), 


the same function is negative when h/2<2z<h. Thus, the statement in 
question follows from elementary considerations in the theory of maxima and 
minima. Likewise we reach the same result when m is odd, since ¢,,,(z) is then 
negative from z = 0 to z = h/2 and positive from z = h/2 to z = h. 
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4, These results being established, we return to formula (6). In this formula 


let us take 
te =f F(R) ae; 


where f(x) together with its first 2m derivatives is continuous from 2 = a to 
x=b. Then uw, together with its first 2m-+ 1 derivatives will be continuous 
within the same interval so that for any value of a for whicha Sx<a+h3b 


we shall have (cf. (5), (11), (138)) 


aeth h Wg 
ce) = [feeds —F le + ) —f@l+ SHU'e +b -s'@) 
oh* 
(14) =F pet) —F@I + 


= 1 LOSS f2m-2 
+ Se Le + B) — F-OW)] + rales A 


where 
he 
(15) raf, B) = — [FC + 2) pana) 
0 
Let us now suppose that b — a is an integral multiple of h, 27. ¢.,b — a= nh 


and allow z to take successively the values a,a+ h,a-+ 2h,--- a+ (n— I)hA. 
By adding the corresponding results (14) and dividing by hk we obtain 


L flat ah) = Vie) =7f fede — 4170) - s01 


Byh Bh 
(16) ar et Ol ee fe) es 
fs 1)" Brn—she* (2m—3) (J) — f(2m—8) 
ee ae Ol a 
where 
1 h b—h 
(17) Rm = —Z ] LU fOP~@a + 2)gm()da. 
0 “=a 
By placing m = © we thus arrive at formula (1) provided, however, that 
lim Rn = 0.° 


5. We proceed to consider certain properties of the remainder Rp» correspond- 
ing to the cases in which f(z) is real. From result (a) of § 3 we may apply the 


3 For noteworthy cases in which this condition is fulfilled, see Marxorr’s ‘ Differenzen- 
rechnung ”’ (Leipzig, 1896), Chap. 9, § 8. 
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first law of the mean for integrals and write 


Wd f°” (a + 6h) . gom(z)dz; O<@0<1 


or, since’ 


h pons 1 mr Bem 
(18) — if Pem(z)da = ea 


we shall have 
(19) Rn = 


Whence, also 


= m+1 2m b— 
\ i | a f2™ (@ + Oh). 


Brake —-1<0<1 


so that we reach in summary the following result: 

“Tf f(z) be any (real) function of the real variable x which together with 
its first 2m derivatives is continuous within the interval (a, b) we may write 
formula (16) in which, if M represents a value as great as the maximum value of 
|f°~)(2)| within the same interval, the expression R,, satisfies relations (19) 
and (20).” 

6. Other important forms for the remainder in the Maclaurin sum formula 
may be obtained when further hypotheses are placed upon f(x). Thus, let us 
suppose in the first place that f°” (x) does not change sign between « = a and 
x =. By applying the first law of the mean for integrals we may then write 


Rn = <4 2m (Oh) fxs (2 + 2z)dz 
(21) a 
=~ Gam (Gh) FO") — fOr Ma]; *O<d< 1, 
Whence, by (a) and (6) of § 3, 


(22) Rn = = 00m (5) [fem (b) — fe") (a)]; 0<.6:< 1. 


Moreover, from (8) and (13) we have 


(2) = mf (epee ie ed be: 1 1 
gam \ = | m1 2 — 2 Om — D121. 2 Om — D1 Pr 
gy 1 Paes a 


Om — Digest Th Do oi ais 


and it is a demonstrable property of the Bernoulli numbers that the expression 


4See Matmsren (I. c.), p. 64, 4. 
5 Due originally to Poisson. See Mém. de l’Acad. des Sciences, Vol. 6 (1823), p. 590. 
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here appearing in square brackets is equal to 


cent Oe 
gm—1 (2m) 


(23) ee 


Whence, by adding and subtracting the term 


eet mt B pent 
[fem — fom (a) 


in the second member of (16) we obtain the following result: 

“Tf f(w) be a (real) function of the real variable 2 which together with its 
first 2m derivatives is continuous within the interval (a, b) and if its 2mth deriva- 
tive does not change sign between the same limits, we may write 


> l : Byh 2 3 
Li@) = 7, fe@de— 4170) -fol+ Fry'o -f@l- 2 


aa 1 mri BD pent 
x [f’"(b) por 7'"a)| 5 era = een Ge) (b) = foo (a)] os Tas 


where 


92m | Bena 
Rm = (— lym (0 mao 1) yp OI Olas 0 eels 


Since 


Vie tars || Q2m — 1 
(24) 0< Omar = 20 me 


22m 


we see that under the hypotheses of the above result the series (1), even though 
it be divergent, may be used to compute the value of 


b—h 
(25) Lf (z) 
with an error numerically less than the absolute value of the last term taken. 
More generally, it appears in the same manner that we shall have the above 
result whenever f(z), f’(x), f(a), +++ f@™(a) are continuous within the interval 
(a, b), while the expression 


L foe +2) 


does not change sign between z = 0 and z= Ah. 
7. Again, let us now suppose that neither of the expressions 


(26) VFM e+), LFem(e + a) 


changes sign between z = 0 and z= h. Replacing m by m-+ 1 in (16), using 
8 See MauMsTEN (I. c.), p. 70. 
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therein the form for Rn i determined by (19), and comparing the result with 
that of § 5 (in which m is left unaltered), we obtain 


Ba; or aad 2 none 1 By I es = — 
Bosh LSet e+ oh) = — {Oper — 1} Ba FP) — fr-OC) 
But 


hb—h 


fOm—D (b) — fem-D(q) = bee fP™ (a + 2)dz. 


Whence, upon recalling that B,, and ne are both positive, we see that the 
expression 
gm — J 


22m-1 


a 


will be negative and numerically less than 1 in case expressions (26) are of the 
same sign between z = 0 and zg = h, while it will be positive and no greater than 
2m — ill 22m-1 rs 1 


92m—-1 core herwik. 2m-1 


in case expressions (26) are of opposite sign throughout the same domain. Thus 
we reach the following result: 

“Let f(x) be a (real) function of the real variable x which together with its 
first 2m derivatives is continuous within the interval (a, b) and is such that 
neither of the expressions 


b—h 


LSM Gate), — LfPmO(e + 2) 


changes sign between z = 0 and zg = h. Then, according as these expressions 
preserve the same or opposite signs for the indicated values of z, we may write 


b—h il b 1 
Lie) =| [ fear — 446 —F@O1+ FU'O - FO) 


Beh? 
(27) Sa Oe ete 
Boa 
Ai regia Si oO) ra aes 
where 
= wes ye — [fond (b) nae fe" (a)]; 0<0<1 
and 


b—h i b i 
Lio =| f fed - 300 —sol+ Mo -7@) 
Boh? 
(28) — Gr "= H+ 


=a ae yaa — = [fem — fem—D(q)] + 
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where 


92m—1 ae il B,, hb?" a a. 
Rn = (= Pee Q2m—1 (2m)! eee) a homme 91 OO cl: 


Formula (27) was first established by Jacosi’ in 1834. Whenever the con- 
ditions for its use are satisfied it is seen that the sum of any number of terms in 
the series (1) (convergent or divergent) gives the value of (25) with an error having 
the same sign as that of the first term neglected and less numerically than the 
absolute value of that term. Formula (28) is due to Matmstren.’ Whenever 
it may be used the sum of any number of terms in the series (1) gives the value of 
(25) with an error having the same sign as that of the last term taken and less 
numerically than the absolute value of that term. 

8. Another important and well-known form for the remainder in the Mac- 
laurin Sum-Formula may be obtained when the function f(x) may be regarded 
as an analytic function of a complex variable. 

To see this we recall in the first place that if f(w) and ¢(w) are any two func- 
tions of the complex variable w (w = x + iy) both analytic and single-valued 
in the neighborhood of the point w= a and of which the second has a zero 
of the first order at the same point, then we have the formula 


J) a So) se deh 
= i BG = a) = if 6 = Qn, 


where the integration is taken in the positive sense along the arc of a circular 
sector of small radius e€ and center at w = a and whose angle is @._ In fact, this 
formula results directly from well-known principles in the theory of complex 
integrals upon observing that in the present instance we may develop the func- 
tion f(w)/e(w) in the form 

c 


es 
rah PM) SS SATE 


where p(w) is analytic at the point w = a. 

An immediate and useful corollary of (29) is as follows: 

“Tf f(w) and g(w) are any two functions of the complex variable w both of 
which are single-valued and analytic in a region A of the w-plane and of which 
the latter vanishes within A only at the points w = di, de, ++: An which are 
zeros of the first order, and if C, designate any contour lying within A and 


including the points w = Aj, Ae, «++ An, we shall have 
af fw) , — fr) 
(80) oe oO” 


where the indicated integration is performed in the positive sense.” 


7 See Journ. fiir Math., Vol. 13 (1834), p. 270. 
8 See MaLMsTEN (I. c.), p. 72. 
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We proceed to apply formulas (29) and (30) to our present problem.’ For 


this purpose let us take!® ; 
(31) v(w) ae e 62m t/h) (wa) =| 


and let us suppose f(w) to be any function which is analytic throughout a vertical 
strip of the w-plane extending to an infinite distance both above and below the 
axis of reals and including the two real points w = a, w = b (b> a). For the 
contour C, let us take that formed by the line w = a+ ty (the point w = a 
excluded), by the line w = b + iy (w = b excluded) and by the lines w = «+ Y 
(j = constant > 0) together with small semicircles of radius « > h about the 
points w= a, w = b, the former extending to the right and the latter to the 
left. 

Since y(w) has zeros of the first order at the points w= a+ ph; p= 0, 
1, 2, ---, while at the same points o’(w) = 27i/h, we obtain as a result of (30) 


(32) bX Se) = Wa) + [2 aw. 


x2=a 


We proceed to study in further detail the complex integral here appearing. 


Ere, 1 


First, the contribution coming from the side JA (see Fig. 1) is 
l= 
2 (a — ij)" 
and since g(a — 77) becomes infinite when j = + © like e?74/", we have but to 


suppose that f(w) satisfies the following supplementary condition: 


(33) lim f@—wert"*=0; aszxsd 
J=+o 


in order to have J; = 0 provided we take j = ©. In particular, condition (33) 
will be satisfied whenever |f(w)| remains less than a constant for all values 
of w within the strip already mentioned. 


* See PerersEn’s “ Vorlesungen tiber Funktionstheorie ” (Copenhagen, 1898), pp. 161-169. 


© It is to be understood that the constants a, b, h have the meanings already introduced; 


viz..b =a+nh;h > 0, n = positive integer. 


a a | 
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Secondly, let us consider the contribution coming from the portion DEFG. 
By writing 
fw) _ lew) + fw) 


SOc keer Se” 


and observing that the integral of f(w) over DEFG is equal to that over DOHG, 
the contribution in question becomes 


. (* {ela + wy) + 1} f(a + ty) {o(b + ty) + 1}f(b + wy) 
if o(a + iy) gre ae o(b + iy) dy 
_ PC le@+ i) +1fet wi) 
f ae) as eer Cee 


_ Of the integrals here appearing we observe that the third may be neglected by 
taking 7 = + © provided that f(w) satisfy the following supplementary con- 
dition: 
(34) don FCC 3j ere 0 a aU 

j=+o 


Next, the contributions from the semicircular arcs BCD and GHI are equal 
respectively to — (h/2)f(b) and — (h/2)f(a) except for expressions that become 
infinitesimal with e, as follows from (29). 

We shall now assume not only the existence of (33) and (34) but that of the 
following stronger condition: 


(35) lim f(@ + ayer?" *¥ = 0; dsr b, 
jHt+o 
where 7 is an assignable positive quantity. If we then take account of the two 


remaining contributions, viz., those arising from the sides AB and IJ, we obtain 
in summary 


b-—h h 3 
hd f(z) ={ fwdw — 51f@) — f@] + if {e(b+ wt * oe i) 4 5 
. (* telat ty) + 1}fla + wy) -< f(b + i+ iy) 4 
a ee ey) pie ie o(b + iy) 

{ow iy) 4 

y an g(a + Fe 


in which the various improper integrals have a meaning by virtue of (35). 
Let us next allow ¢ to approach zero. Since 


g(a + iy) = o(b + ty) = e274" — 1, 


we thus arrive at the equation 
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nDse) = f fed - FO - fo 
L (7 (fle + iy) — fle — whiz 


fs 4 . ezurlh es ih 


(36) 


Moreover, the function (1/2) [f(a + iy) — f(a — iy)]/%=%, being real when y 
is real, may be expanded by Taylor’s formula (with remainder) into the form 


o[ A r@u-Frr@rt + ey | 


+ IY" $0 (e+ iy) — FO (eo — toys = 0 < 0 <1 
(2m)! 14 Des 3 


Recalling finally that" 


ke) Sete : ye f2” 
f earuih — cpa pi a ag p= 1,2, 3, -+*, 


we reach the following result: 

“Tf the function f(w) is analytic throughout a vertical strip of the w complex 
plane extending to an infinite distance both above and below the axis of reals 
and including the real points w = a, w = b, and is furthermore such that 


lim f(a + ty)e—27/hlu = Q); as=e=b 
oe Yy I I 
y=+o 


where 7 is some assignable positive quantity, we may write 


Lf) = 5 f fede — 3110) — HO + EO -F'@) 


— f’"(a)] e Fy 


— 1)""Bn 
$e fe9 (6) — f-M(Q)] + Ry 
where 
(SP a eG a a0) eye ee 
An = my lah eurlh —Y ydy 


eee when m= 0, 
O0<O0<1 when m=1, 2, 3,--- 


Equation (36) with h = 1, was first given” by PLana in 1820 and soon after- 
wards by ABex.’? The same result was obtained through the calculus of residues 
for the first time by KronEcKER"™ in 1889. 


1 See MALMSTEN (I. c.), p. 59. 

2 See Mem. della Accad. delle sci. di Torino, Vol. 25 (1820). 

18 See Oeuvres completes (1881), Vol. 1, pp. 21-25. Ibid., pp. 34-39. 
14 See Journ. fiir Math., Vol. 105 (1889), p. 354. 
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9. We proceed to note certain theorems which follow from the preceding 
results and which will prove useful in the study of divergent series (Chap. II). 

TueoreM I. Let f(x) be any (real) function of the real variable x which together 
with its first 2m derivatives is continuous throughout the infinite interval x > a. 
Also, let it be supposed that the following series is convergent: 


(37) DS | fOPY FH teyem(t)dt, 


y=ava 


in which gom(t) represents the 2mth Bernoulli function. We may then write 


a2—1 eo By Be 
Life) = Cn +f feddr — 34) + 1 P@ — IN| + 


— 1)™By_ 
ag Tae etie (2) + On(2), 
where 
On(e) = Xf FOG + Deamltndt =e > pom + 6); 
(38) Soo 


L=a 
Va 0, <0, 
and where Cn is a constant as regards x, defined by the equation 


By By i! 
Cn = f(a) — 5) F @) Tr qt @ Began Ges =o) se) — Qn(a). 


In fact, the expression Q,,(a) will exist for x = a,a+1,a+ 2, ---, and by 
the results of § 4 we shall have 


Lise) = f fede — 4 (f(x) -— f@]+ a {f/@) — f(a] ee 
Presta!) hgh 3 
be oe BO rag ee ONE at 


where 


n= — | LIM Y + Dernlt)dd = Qn(2) — In (a). 


But this result is coextensive with that indicated in the theorem. As to the 
second form there given for Q,,(x), we observe that by virtue of statement (a) 
of § 3 we may apply the first law of the mean for integrals to each term of the 
series representing Q,,(7), thus writing 


(oe) 1 
On(z) = f(y + 8,) Hi Ped om 0 cop 
y=x 


15 Tt, will be understood that in this and the following two theorems y takes only the values 
GO lo 27. 
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which, upon using (18), becomes 
as Gare Wer 


We add that in case lim f@?-)(z) = 0; p = 1, 2, 3, ---, the constant Cp 


ye (y + 6,). 


will be independent of m as well as of 2, for we shall then have 


Cr+ (2) = Ont SEP) — FEI) et GOI fm (2) + M(t), 


so that by placing « = © and observing that lim 9;(2) = lim Q,,(~) = 0, we 
obtain Cy =U. 

TuroreM II. Let f(x) be any (real) function of the real variable « which 
together with its first 2m derivatives 1s continuous throughout the infincte interval 
x >a. Also, let it be supposed that f°” (x) does not change sign within the same 
interval and that lim fo" (x2) = 0. We may then write 


Di@) = Cnt [ i@d — 3) +F9@ — Bre + 


+ SPB fe O(2) + One), 
where 
On(e) = TP Fa geomo(ay + Df FOU + Doma 


1By.c. Free xa 
~ (2m)! Om(a)for (x); ‘= 1=0,(z) =1, 


and where Cm 1s a constant as regards x, defined by the Se 


B, B, (= 1)"B,, 
aL. Soe Be PAN ae Ne. m1) (q) — 
To prove this theorem we first observe that, as a result of our hypotheses 
upon f°” (x), the terms of the expression 


6-1 1 
Falb 2) =D [ FW + Dermlddts b> a 


will all have the same sign, so that F,,(b, x) is either an ever increasing or an 
ever decreasing function when 6 increases; also by treating Fn(b, x) as we did 
the R,, of (17) by means of (21), (22) and (23) we obtain 
(= 1)"B, 2" : 
pT GT tml, 2){FO-D(b) — fOm—D( a} 
Oi Bibs ee ae 


6 The expression @ appearing in § 5 is in general a function of m, a, b and h. Since, in the 
present instance we have h = 1, a = x we represent © by 7m(b, 2). 


E,(6;2) = 
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Whence, the expression 
Fr(a) = lim Fn(b, x) 
b=00 


exists, and since by hypothesis 
lin (OO: 
b=0 


we shall have 


ess mB. ==) m+ B 92m =e) 
Frn(x) a Qm (2) 1 Sah (a) a om 92m—1 nnla fv (ay; 
0S 7. 
or 
— 1)"4B,, gm | 
40) gla) = Ee | ult) game — 14 FOC); OS male) = 1 


Thus, Qn(x) exists and has the form indicated in the theorem. 
Now, by equation (16) we shall have also 


ol]. o B, 
2 f(@) = i fade — 1f@) —f@l+ a (f'@ -f@l—--- 


pee 1 m+1 Pe 
+ PE [f(a) — FO (a)] + Du (2) = Onl) 


Thus, we reach the desired result. Again we note that C,, will be independent 
of m as well as of x whenever 


fig C2 er) 0 p= Neo 


TueorEeM III. Let f(x) be any (real) function of the real variable x which 
together with its first 2m + 2 derivatives 1s continuous throughout the infinite interval 
x >a. Also, let it be supposed that f°™ (x) and f°"*) (x) do not change sign within 
the same interval, while 


lim f°?) (a) =.0; p = 1, 2, 3,25 
Then, if f°” (x) and f°") (x) preserve the same sign (a > a) we may write 


x—1 x i Bs 
The) = C+ f fade — 340) + HO —FI'@ + 


xz=a 


— 1)"Bn-1 
oF a L 2)! bees (Sisk Shae), 
where 
Ona) = [FOG + Dernltat = (— Onl) ps FD (a); 
ot a y=z J/0 2 if % (2m)! : 


ee 
OOF (4p 1, 


and where C is a constant as regards both m and x, defined by the equation 
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ot LP Be 
C= Bye) — By) + BP @ — 0 + PESO @) — Ona). 


On the other hand, if f°™(a) and f°*» (x) preserve opposite signs (x > a) (other 
conditions remaining as before) we may write 


Ese) = C+ f padde — Af) + HI@ — GI" + 


IE fem (0) + Qu), 
where 
1)" Bs; 
Dal) = pee fo) + is f(y + Dean(t)at 
; ol ae Eee 
= (— 106) Fas Om @): Reese 


and where C ts a constant as regards both m and x, defined by the equation 


By A poll af 
0 = 340) — FP @) + FIM @) = 0 + afm a) = Du. 


For the proof of this theorem we first observe that the conditions for theorem 
II, and hence also those for theorem I, are here fulfilled both for m = m and 
m = m+1; also the conditions that C, shall be independent of m. Upon 
applying theorem II with Q,,(2) as given by (40) and comparing the result 
with that obtained by placing m = m-+ 1 in theorem I, we obtain 


Ba 2m 1 Bn 1 
(41) Gm)! ee ee 1 ee (x) = a, RTS OP 2 for (y+ 6,). 


Let us now write f°” (x) in the form 


el b— 


— Tim > pom (y + t)dt 


0 y=u 


and let Q,,’(@) represent the expression Qn(a) of theorem II in the present dis- 
cussion. Then, in case f°”(x) and f°"'?(x) preserve the same sign it follows 
from (41) that 


1 ™ 
42) Ogle) = By (afemO(@); — 1S Yul2) 0 
and hence, for the first Bee Q,,(a) of the present theorem, we shall have 
; = 1 
u(t) = Male) + Ie pom) = AB g, (aygom-v (a); 


2 , Os Oey cot 
with which the first part of the theorem becomes established. 
17 Cf, Marxorr (I. c.), pp. 131-133. 
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If, on the other hand, f°” (x) and f@"+2)(x) preserve opposite signs (a > a) 
we shall have equation (42) in which 


92m ae 1 92m-1 ae if 
0S Yna(z) S 22m. ine Q2m—-1 


and thus the second part of the theorem becomes established, upon observing 
finally that we here have Q, (2) = Qn’(a). 

THroreM IV. Let f(w) be any function of the complex variable w = a + iy 
which is analytic throughout all portions of the w plane (w = © eacl.) for which 
x =a. Also, let it be supposed that 


lim f(s tye 3 a eG, 
y=+ 00 


where n is some assignable positive quantity. We may then write 


D fe) ee Cn + if f(a)dz — $ f(z) + AH) aoe 2 pr) as eta 


= i! mr ®B 
oe Saar (x) a Om(x), 
where 
(= 1)" (6° f° + Oty) — FO — Orty) 
Qn (2) = (2m)! =f ety at 1 y’ dy; 


@,. = lowhen-m.=.0 
0 < 6, < 1 when m = I, 2, 3, --:, 


and where C,, is a constant as regards x, defined by the equation 


By B, se 1 al oF 
Ge iG) =O) + ata) — Sete (a) — Mn(a). 


This theorem is, in fact, a direct consequence of the result stated in § 8, 
being obtained from it by placing b = xz and rearranging terms. 


GENERALIZATION OF THE PRECEDING REsutts!® 


10. The results given in § 4-7 and the first three theorems of $9 require 
that the function f(x) together with its first 2m derivatives shall be continuous 
throughout a certain specified interval. When this condition is not satis- 
fied the same results and theorems no longer exist, at least in general. How- 
ever, in cases in which f(z) satisfies the indicated condition except at a finite 

18 For a derivation of the Maclaurin sum-formula from the standpoint of Fourier series, see 
Poisson (1. c.). A still different method may be found in Bootn’s “ Treatise on Finite Differ- 
ences’ (London, 1860), pp. 80-84. The formula has been generalized in various directions by 
Barnes; see Quart. Journ. of Math., Vol. 35 (1903), pp. 175-188; Trans. of Cambridge Philosophical 
Soc., Vol. 19 (1904), p. 325; Proceedings of London Math. Soc. (2), Vol. 3 (1905), pp. 2538-272. 
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number of points (at which discontinuity or uncertainty may exist) we may 
still obtain certain noteworthy results. 

In order to show this we first observe that if w and » be any two functions 
of the (real) variable 2 which together with their first derivatives are continuous 
throughout the interval (a, a + h) except at the point z = 8, we may write 


B-—e a+h x=a+h “=B+e B-—e ath 
(43) a eile ) ude = wo | — w | -([ + f ) ad 
e=a %=B—e a Be 


e being an arbitrarily small positive quantity. This is, in fact, a direct conse- 
quence of the ordinary formula for integration by parts.!° 

In particular, if wu, be a function which together with its first 2m + 1 deriva- 
tives (w’, uw’, «++ wD) is continuous within the interval (a, a + h) except at 
the point z = 8B we may obtain by repeated use of (43) the following result 


(of. (3)): 
2m—k h? 2m—k h — 3)? z=B—ate 
Au? = a2}, — i = Sur 4 | SE ap | 


p=1 p=0 p! z=B—a—e 


—a—e (h ss a alee? yom) 
+( (+) Geer 
Whence, if Ho, Hi, «++ Hom be the constants defined by (5) we may write 
(cf. (6)): 


2m—1 2m—1 2m—k (h as z)? z=B—ate 
ing = 5 Hadad? + |S Hat SS OP" gap | Tein 3) 
k=0 k=0 p=0 Pp l 2=B—a—e 


where 


mia =—([ +f ase? mae 
ae Penta be wm (2m — kyl ™ 


Upon introducing the function ¢2,(z) and making use of the relations (10) 
and (18) we thus obtain 


: h ; m—1 B,h?* 
= sates k-1 ) 
hu, = Au, 5 Au, + » (— 1) Ob Au 
(44) 2m—2 2n— = + goes x)? xc=+e 
+| 2 mw & ust | "+ rl), 
k=0 p=0 p! 2=—e 
where 


B-e ath 
rates = —( fo + fo ust gana = adda, 
a Bte 


The case of especial interest for our present purpose is that in which w, is 
taken in the following manner 
19 As usually stated (cf. Goursat, ‘Cours d’Analyse,”’ Vol. 1 (1902), § 85) the formula 


requires that u and v with their first derivatives shall be continuous throughout the interval of 
integration. 
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= i f(x)dx when CSrveSs— 6 


B-e x N\ 
te, = ‘dl +- J.) sere when Bt+eSexz=at+h, 


f(x) being any function which together with its first 2m derivatives is continuous 

within the interval (a, a+ h) except at the point « = 8. Such a function u, 

together with its first 2m + 1 derivatives will be continuous except at x = B. 
Whence, applying (44), we may write? 


B—e ath 
ite) = (fo + fe) — Fo @em(e = aide ~ bafte 
(45) +5 (pee ape-(@) 


+| =m hk = he ie (6 + 2) | 


Let us suppose lastly that the interval (a, a + h) containing the point x = B 
is part of a larger interval (a, b) throughout which (except at x = 8) f(x) satis« 
fies the indicated conditions; also let us suppose that a@ is one of the quantities 
a,a+h,a+ 2h,---,b—h. If then we apply formula (16) to f(x) when con- 
sidered within the intervals (a, a), (a+ A, b) and apply formula (45) to the 
same function when considered within the interval (a, a+ h) we obtain, after 
adding the three results and dividing by h, 


© fe + gh) = Ese) = Ace + J sera 


Ue ae [ment ade 


1 
h 
+[5 = ere x)? 


t=+e 


x=—eE 


t=+e 
(46) Tht eng +a) | 
— 1f0) -—f@l+ ba, (f'®) — fi@)] - - 
iS if Sot j2m-3 
+ ey — LFem-) — FO M(Q)] + R 
where 
Rn = if (= iF a em (a + 2) ¢2m(z)dz. 


By use of this formula instead of the earlier corresponding one (16) we arrive 
20 We note that f— (6 + x) = uwe4z and hence f(6 + a) (eee = 0. 
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at the desired theorems corresponding to the first three of § 9. Since these are 
long in statement though readily supplied we shall omit them. 

Analogous results may evidently be obtained when f(x) presents any (finite) 
number of exceptional points of the type just mentioned. 

11. Again, the results stated in §8 and the fourth theorem of § 9 require 
that f(w) be analytic within a certain domain. If, on the other hand, this 
function presents singularities at a finite number of points within the domain, 
but otherwise satisfies the indicated conditions, we may readily make such 
alterations as are necessary to preserve correctness. For example, let us sup- 
pose that the function f(w) of theorem IV satisfies the conditions there stated 
except at the point w= 8 = p+iq; ax p<a, q<0. The theorem will 
then continue to hold true” provided that we subtract from the second member 
the residue rg of the function 


2rif(w) 2 (w) 
o(w) ~~ e2mi(w—a) | 


(47) 


corresponding to the point w = 8. However, if the exceptional point occurs at 
w=B=pt+iq;a<p<x,q> 0, then (in view of the manner in which in 
$8 the integral of f(w) over the path DEFG was transformed to one over the 
path DCH@G) the theorem will continue true provided we subtract from the 
second member the expression rg, together with the residue rg’ of the function 
2rif(w) corresponding to the same point w = B. 

Other cases are those in which a singular point occurs on either of the lines 
w=aty,w=a+y or ata real point w= 8< 2. If, in the last of these 
cases (which is the only one to which we shall refer later), the singular point is 
a pole of the first order the theorem is seen to continue as a result of (29) provided 


that the term 
f fea 


Be ax 
tim ( [ + ) serar te — sre, 


e=0 Boe 


be changed to 


where rg, rg’ have the meanings already given. 


SERIES OF STIRLING 


12. As a preliminary application of the preceding general theorems to special 
functions f(z) let us take f(x) = log 2, a = any real number > 0. We are 
thereby led to certain well-known results respecting the series of Stirling. 

The first part of theorem III may here be applied since we have 


—1)"(p — ! 
aP 3 p=, 2, oe 


j(@) = 
Cf. § 4. 
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Whence, upon observing that 
4 log adx = [x log x — a]: = ki + x log x — 2; ky = const. 
and that 


x—1 
ry log x = log I(x) — log ['(a) = ke + log T(z); ke = const. 


r=a@ 


we obtain 

; Bele Be ee 
log ['(x) = x—4 Sxr— e x xy 
og I(x) = K + ( 2) log x Caso 3-423 ' 5-625 


ce AD oe rae il 
(2m — 3)(2m — 2) jane Tm(@); 


where K is a constant as regards m and x and where 


=|} mil B 
(48) T(z) = O,.(2) os 2 1) (2m) se 5 


0 = On(x) = LZ 


Moreover, by comparing the above results with the well-known formula” 


log I'(x) = $ log 24 + (x — 3) loga—a 


(49) ie La eee 
aa (apa oe 


it follows (upon placing x = ©) that K = $ log 2z. 

Thus, we arrive at the series of Stirling (see Preface) and it appears from 
(48) that, though divergent, the series may be used to compute log I'(x) with but. 
slight error when 2 (real and positive) is large. In fact, the first term neglected 
is seen to constitute an upper limit to the error committed by breaking off the 
series at any one point. This fact was pointed out by Caucuy” in 1843 through 
an independent investigation based upon formula (49), he also noting in this 
connection the possible value of divergent series in computation. CaucHy’s 
work was, however, confined to this one series and in this it appears that his 
results might have been obtained much more directly, as indicated in § 12, 
from the earlier general investigations of Poisson and JAcosi relative to the 
Maclaurin Sum-Formula. 

We add that the value of the constant K may be obtained independently of 
formula (49) by use of the well-known formula of WALLIS expressing the value 
of 7/2.” 


22 In the present case it may be shown that 0 < O,(z) <1. See MaumsreEn (J. c.), p. 75. 


23 Usually attributed to BINeET. 
24 See Comptes Rendus de l Acad. des Sciences, Vol. 17 (1843), pp. 370-376. 


25 See Marxorr (I. c.), p. 184. 
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PRELIMINARY DiscuSsION oF ASYMPTOTIC SERIES 


13. The formula of Stirling, by means of which the function 
log T(x) — (a — 4) logza+-2 


may be identified with a certain divergent power series in 1/2, affords an illustra- 
tion of an important class of developments known as asymptotic series. We 
proceed to give at this point a brief exposition of the general features of this 
subject, leaving its further development and applications for later chapters, 
especially chapters II and III. 

Following Poincar, we adopt the following definition: 

“A power series of the form 


i tae 
(50) do + ay (7)+ ay (5) + ++; Ao, 41, d2, -+* constants 


is said to represent asymptotically the function f(x) for large positive values of x 
whenever 


Gay dime IO) — (aot asl + aafet + ++ + anle] = 05 
Pie Od Rae aa! 


Thus, for a given value of n the difference between the function and the sum 
of the first n + 1 terms of its corresponding asymptotic series (in case one exists) 
vanishes to a higher order than the nth when z = + ©, as would be the case in 
particular if the series were convergent. Symbolically, the above relation is 
expressed as follows: 


(52) f(x) ~ ao + ay/a + ay/v?+ ++, 


Several general observations are here desirable. First, a given function f(z) 
can be represented asymptotically in but one way. In fact, we have from (51) 


1 1 Oat enl@) ; 
(53) f(@) = aot an/e + a2/a? + +++ + dalam + == 5 lim en(x) = 0 
2 See Acta Math., Vol. 8 (1886), p. 296. eis 
27 In this definition no restrictions are placed upon (50) as regards convergence or divergence. 
However, in the usual applications the series is divergent for all values (positive) of a, but as an 


instance in which the contrary is the case we have 
0 0 470 
1 /x — — = eee 
é 0 4- = oe 2 ate zB mis : 


In the most important applications (cf. Chapters II and III) f(x) is a function (either given 
explicitly or else determined implicitly as a solution of a linear differential or difference equation) 
capable of analytic continuation into the complex field, being in fact analytic throughout the 
finite plane with the exception of points (finite or infinite in number) situated upon a finite number 
of straight lines radiating from the origin and having the point x = © as a non-polar singularity. 

For further criticisms upon the definition of asymptotic series see Tuoms, Journ. fiir Math., 
Vol. 24 (1904), pp. 152-156; Van Vurcx, The Boston Colloquium Lectures (New York, Mac- 
millan, 1905), pp. 77-85; Watson, Philosophical Trans., Vol. 211A (1911), pp. 279-313. 
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and in case we had also 


fla) = bo + tafe t baja os + bya + ©) 


a” 


lint=<€, () ="0 
z=+o 


we should have 


1 1 1 
(ao — bo) + (a1 — bi) + (a2 — by) at soe <b (Gn-1 — Dn-1) — 
(54) 
An — bn are En (2) ze En’ (x) ~~ 


a” 


++ 


0. 


Whence, ao = bo, as results from the last equation by placing ¢ = + 0. Making 
use of this relation in (54), multiplying both members by a and proceeding as 
before, we obtain a; = b;, ---, etc. The converse of the above statement is, 
however, not true as appears directly when we note that if f(z) is represented 
asymptotically by (50) so also is, for example, the function f(a) + e77.% 

Again, it is desirable for the sake of clearness to note that asymptotic series 
in general cannot be used for purposes of computation in the sense in which 
Stirling’s series can be used to compute log I(x). In fact, no information is 
at hand respecting the error committed by stopping at any preassigned term.” 
There are, however, numerous and important asymptotic developments*® which, 
like the series of Stirling, are derivable by use of the Maclaurin Sum-Formula 
and for such the limit of error may usually be fixed by means of the formulas 
then present for the remainder. But in all cases, the asymptotic development 
furnishes information as to the behavior of the function when z is very large. 
Thus, the expressions 


Ao, Ao + aa/x, ay + 1/2 + ae/a?,-->+, ao + aifa + da/x? + ©+« + n/a” 


constitute a series of successive approximations to the value of f(x) provided 
that 2 is sufficiently large. Furthermore, we have 


lim f(x) = a 
a Jim 2{f) — ad = a 
lim z"[ f(z) — ao — a/x — yx? — +++ — dns/a™] = an. 


Z=+0 


Conversely, when the behavior of f(x) for large positive values of x is known, 
the equations (55) serve to determine the coefficients do, di, d2, +++ of the corre- 
sponding asymptotic development if one exists. 

28 By adopting a more limited definition of asymptotic series than that of Porncar#, Warson 


has obtained a noteworthy theorem upon this question of uniqueness. See Philosophical Trans., 
Vol. 211A (1911), p. 300. : 

29 For noteworthy exceptional cases, see StipttyES, Annales de l’ Ecole Normale, Vol. 13 (1886), 
pp. 201-262. 

30 This is true in general of the developments considered in Chapter II. 
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14. The following consequences of the definition (51) are especially note- 
worthy :*4 


“Tf 
f(a) ~ ay + aife + ae/a?+ ++, 
g(x) ~ bo + by/a + be/a? + ++ 

then 

(a) f(x) + g(a) ~ (aa sy) St Me 

(6) f(x) + o(@) ~ cot cr/e + ofa? + ++, 

where Cn = dobn + Aibna + dobro + +++ + Gnbo; 

() fe) /e@) ~ do+ difa + doa? + +++, 

provided that bo + 0, the coefficients do, di, d2, +++ being determined by the equations 
Ao = dodo 
a= bido + boda 
Pas hag ae Se cheat 

(d) [fede ~ 24 Bot Bt os 


provided that ap = a, = 0.” 

In other words, asymptotic series are subject to the same laws of addition, 
subtraction, multiplication, division and term by term integration as convergent 
power series in 1/2. 

For the proof of (a) we have but to note that 


f@) =m + ajet ale =e tae = Peta lim én(x) = 0, 


“=+ 


o(x) = bo + dy/x + be/x? + ++ + bpa/a7 + bn _ = ba iar ce lim e,’(x) = 0. 


z=+ 0 
Thus, we may write 


Fla) oC) = (to ba) Foe yet Da) Fe + 


(dn = bn) + mn(@) 
vg? z 
lim-y,() = 0. 
t=+0 


As regards (5), let us indicate by S,(x), T,(x) and 2,(x) respectively the 
sums of the first n + 1 terms of the three series in question. Placing for brevity 
fz) =f, ot) = ¢, elt) = € a'(@) =’, 8,2) = 8, T,(@@) = T, Ze) = Z, 


lim = lim, we shall have 


xz=+0 


31 See Poincaré (1. c.), pp. 297-301. 
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(56) f=S8+—, e=T+ 5; lime=lime’=0 
and 


§-T=34+%, 


where P is a polynomial in x of degree no higher than the (n — 1)st. 
Whence, 
€ é’ tes 
cele ae 


x[f-e— 2] = fe + get (P— ee). 


or 


Now, lim f = ao; lim ¢ = by from which it follows that 
lim a"[f- go — 2] = 0. 
For the proof of (c) let us use the same notation as above except that 2 shall 


represent the sum of the first n + 1 terms of the series in which the coefficients 
do, dy, d2, +++ appear. Then, using equations (56) we shall have 


and since lim S = apo, lim + 0 it ors that lim «7 = 0. 


f. oo i oT + 
T = bo 
Moreover, 
pear es him 2" = 0. 
Whence, 


lim o(£- 2 ) = lim 2"(n + w) = 0. 
The proof of (d) is readily supplied. We have from (53) when ap = a1 = 0 


a ee Cat ae) 
ile fade = I+ rat gat « eure =e (n — 1)a*?? 


nn(x) = grt fa 


nn 


and, since lim e,(x) = 0, we may say that corresponding to an arbitrarily small 
positive quantity 5 there exists a constant a; such that hen Cees errs. 
Whence, 


WA Ee 6 
lm(a) |= wig [ = Sete e ek nee 
so that lim 7, (a) = 0. 
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In distinction, however, to the properties of convergent power series, the 
term by term derivative of the asymptotic development of f(#) will not neces- 
sarily be the asymptotic development of f’(v). This is most easily shown by an 
example. Thus, 


0 
(57) fle) = e* sin (€) SOF 24 G4 0" 


but since f’(~) = — e~* sin (e") + cos (e”), the expression lim f’(x) is oscillatory 

so that not only does the term by term derivative of the series (57) fail to repre- 

sent f’(x) asymptotically, but f’(z) permits of no such representation whatever. 
However, if 


fle) ~ a9 + 2 +3 s+: 


and if f’(a) is known to be developable asymptotically, then 


a 2a 3a 
(58) Ot et = 


aL ax 


In fact, if f’(x) were developable asymptotically in any other way than (58) 
it would follow from (d) of the above results that f(z) was developabl: asymp- 
totically in two different ways. 

15. In addition to the properties (a), (b), (c) and (d) of § 14 we note also the 
following general result: 

“Let 


f(x) = ao + w(x); w(t) ~ + G+. 


and let F( f ) be a function of x through f which, when written in the form F(a) + w), 
as developable as follows: 


F(ay + w) = Flas) + F(ayw +> ue 
(59) F°D (ay) F (ag) + €n(w) 
G20 A a Oa! 


(as happens in particular when F(ao + w) ts analytic at w = 0). Then we may 
write 


Ff) ~ F@) +O+ 5+ + 24..., 


where pr, Pa, +++, Pn are the coefficients of the successive powers of 1/x obtained by 


te ) 


substituting into (59) ( exchusiv of the term 7 wo" ) the first n terms of the given 


asymptotic development of w(x).” 
® Cf. Bromwicu, “ Infinite Series” (London, 1908), p. 334. 
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In fact, from (b) of § 14 we may write 


F(ao) + F’(ao)w + . ae To ae ae 


“a 


FO ) 
— a ~ F(a) ++ Bt, 


and hence (59) may be written in the form 


Flay + w) = F(a) +P Ep oe pT) 4 oO om, Jim mala) = 0. 


2 n! 


If we now write e,(w)w” in the form 


1 
qn en (w) wx” 


and observe that 
lim €,(w)w"x” = 0 


we obtain the desired result. 

16. We note in connection with the definition (51) that we have supposed x 
real and positive. More generally, f(x) is said to be represented asymptotically 
by the series (50) throughout an infinite region 7 (usually a sector with center 
at x = 0) of the complex plane when, for all corresponding 2 values, the equation 
(51) exists in which lim is substituted for lim. In the case frequently pre- 


|z]=0 x=+0 
sented of a single-valued function f(x) having an essential singularity at the 
point 2 = ©, we note that the above mentioned region cannot completely sur- 
round the point 2 = ©, since we should then have lim f(x) = dp for all methods 


|x| =o 
of increase of |a|, thus contradicting the hypothesis that the point x = © is 
essentially singular. 

Again, if f(a) and the region T be given, we observe that the necessary and 
sufficient condition that f(x) be developable asymptotically throughout 7 is 
that there exist a set of constants do, a1, dz, +++, Qn, «++ Satisfying relations (55), 
it being understood that the values of x appearing in these relations are confined 
to T. In fact, if (55) exist we have (51) and conversely. The same relations 
(55), when employed as a sufficient test for the existence of an asymptotic de- 
velopment for f(x) throughout 7, are usually difficult to apply and hence of 
little value in practice, since f(a) is not in general so given that it is possible 


to determine whether the indicated limits (representing do, a1, de, --:) exist. 
A sufficient test which has a wider field of applicability is supplied by the fol- 
lowing 


TuroremM V.* Let f(x) be a function of the complex variable x analytic within 
and upon the boundary of a certain infinite region T of the x plane, the pointz = ~, 
however, being excluded. Also, let y(x) = f(1/x) and let T’ be the region (having 


33 Cf. Forp, Bulletin Soc. Math. de France, Vol. 39 (1911), p. 348. Line 13 should here read 
“Je point x = ~ toutefois étant exclu.” 
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the point « = 0 upon its boundary) obtained from T by means of the transformation 
a= 1/x’. If, then, for values of x in T’ the following limits exist: 

lim ¢(2), lim ¢’(z), lim ¢’’(z), poe, lim ea); 

x=0 «=0 x2=0 a=0 
and are represented respectively by 9(0), ¢’(0), ---, e™(0), «++ (these values being 
assumed independent of the direction of approach of x to 0 in T’) we may write for 
values of xin T 


f(e) ~ ao + ai(1/x) + aa(1/a)? + +++ + an(L/x)™ + +++ 


(kK) (0) 
a = 2), k = 0,1, 2, 3, «++, 1, «> 


where 


In order to prove this Theorem we shall begin by establishing the following 
Lemma in the general theory of functions: 

Lemma I. “ Let ¢(x) be a function of the complex variable x analytic within 
and upon the boundary of a certain region 7” of the z-plane, exception being 
made, however, of the point x = 0 situated upon the boundary at which point 
g(x) may have any character. If, then, for values of « within 7’ the following 
n + 2 limits exist: 


lim g(x), lim ¢’(z), lim 9(2), eS lim ot) (2) 
z=0 x=0 2=0 as 
and are represented respectively by ¢(0), ¢’(0), ¢’’(0), ---, p*®(0) (these values 


being assumed independent of the direction of approach of x to 0 in 7’) we may 
write for values of x in 7’ 


g(x) = aot are + acu? + +++ + apa?! + [an + rn (x)]x"; lim 7) =-0; 
2=0) 
‘Ao, Q1, G2, ***, An being constants determined by the equation 


gy (0) 
SO ee 


(he 0,1, 2s as 


In fact, under the above hypotheses we may write for any value of z in 7’ 


g(x) = gc) + g’(e)(a — ¢) + ee (= .8)P eee ae ieee) 


(60) x 
at = iL =i" Gd, 


where ¢ represents a fixed value of x taken within 7” and arbitrarily near to 0 
and where (at least if 2 and ¢ are each taken sufficiently near to 0) the inte- 
gration is understood to take place along the straight line joining the point « = ¢ 
to the point x = 0. The existence of (60) may be readily verified by performing 
an integration by parts m times upon the last term in the second member.*4 

54 Cf. Goursat, ‘‘ Cours d’Analyse,”’ Vol. 1 (1902), § 86. 
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If in (60) we now allow c to approach the limit zero through values that lie 
within 7’ (x fixed), and if we introduce at the same time our hypotheses con- 
cerning the existence and meaning of ¢(0), ¢’(0), ¢’’(0), «--, ¢™(0), we obtain 


"(0 (n—1) 
(a) = 9(0) + oe + Grate oe $a 
61 ae : 
oe 4 20) + (2) 
! ’ 
where “ 
0 a— iti” 

(62) r,(<) = f (=) ot) (4) dt. 


In order to complete the proof of the Lemma it thus remains but to show 
that with r,(x) defined as in (62) we shall have lim r,(x) = 0 provided always 
2=0 
that 2 remain in 7”. 
Now, for all values of ¢ on the line of integration in (60) we have 
atin 
A 


<1, 
| 


Moreover, it follows from our hypotheses that we may find a positive constant M 
(independent of x) such that for all values of z in T’ we may write |¢"™ (a) |< M. 
Whence, if we place |x| = p we shall have for the given value of x 


p 
[ta(a)| < uf dp = Mp 
0 


from which the desired result becomes evident. 

Theorem I follows as an immediate consequence of the Lemma upon sub- 
jecting the function f(z) and the region 7’ mentioned in the theorem to the trans- 
formation x = 1/2’. 

We note also that if, instead of having f(x) defined throughout a complex 
region 7, it is given as a function of a real variable x within the infinite interval 
(a, + ©), we may obtain in like manner the following Lemma and corresponding 
Theorem: 

Lemma II. “ Let v(x) be a function of the real variable 2 which, together 
with its first n + 1 derivatives, is continuous within the interval (0, b), the end 
point x = 0 being excluded. If, then, the limits g(+ 0), ¢’(+ 0), ¢’(4+ 0), 

--, g(t) (+ 0) exist, we may write for values of 2 in (0, b) 


g(a) = dot aye + aga? + +++ + aya” + [dn + n(x) ]2"; lim r(x) = 0, 
2=+ 
Go, G1, dz, +++, Ay being constants determined by the equation 


prec 0) 


a, = kl Coes re acke nise ieee 
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Turorem VI. Let f(x) be a function of the real variable x which, together 
with its derivatives of all orders is continuous throughout the infinite interval (a, + ©). 
If upon placing g(x) = f(1/2x) the following limits exist: 

¢e(+ 0), LG 0), ro a 0), ete: ge (- 0), ae) 


we may write for values of x in (a, + ©) 


f@) ~ a+ a(7)+ a(7) + qo ae a (2) + zie 


(k) 
he ae tO ke 071,25 3) <9 a, oe 


where 


17. We observe finally that the use of the symbol ~ is frequently broadened 
as follows: “ If f, g and W are three functions of 2 such that in the sense of § 13 
we have 


Fe atop Gt on, 
the same relation may be written in the form 
(63) fr ot ay + 4 
Thus we write when z is real and positive (cf. § 12) 
log T(a2) ~ (a — §) loge + e+ $ log 2n + = — Seo 4 ee 


Relation (52) may furthermore be written in the simple form f ~ ao, this 
being especially true in applications of the theory (such as the determination 
of lim f(x)) wherein the values of the coefficients a1, a2, a3, +++ play no part. 

%=+ 00 


Likewise, relations of the form (63) may be written f ~ @ + aoy. 


CHAPTER II 


THE DETERMINATION OF THE ASYMPTOTIC DEVELOPMENTS OF A GIVEN 
FUNCTION 


18. Let F(z) be a given function of the complex variable z defined throughout 
the finite z-plane and such that (a) the point z = © is a non-polar singular point 
and (b) when |:| is sufficiently large and arg z lies within a given sector A (center 
at 2 = 0) there exist two functions f,(z) and g,(z) each defined throughout A 


and a set of constants do, ,, @1, 4) @2, 4) *** Gn, ,, °** such that for values of gin A 
we have 

a1, a2, An,» Wa, n(B 
F(a) = fal) + ale) | ao,a+ oe an ean a 


lim wy, (2) = 0. 
|z|=00 


Then, according to the definition of § 13 and the remarks of § 17, we may write 
for the indicated values of z 


F(z) ~ fils) + ale) | on + + ae + a, 


This form of asymptotic development is of frequent occurrence and of prime 
importance in analysis. The problem of determining for a given F(z) and A 
the corresponding f,(z), @,(z) and do, ,, Qi, a; @2,a, *** (assuming that they exist) 
is usually one of considerable difficulty and, when regarded in a general sense, 
is one for which but fragmentary results exist at the present time. The known 
determinations appear to be either those for special functions of importance in 
Mathematical Physics, such as Bessel’s function J,(z),1 or for certain types of 
integral functions, notably those defined by infinite products.” 

In the present Chapter it is proposed to show how the general theorems of 
Chapter I may be used, at least in certain cases, to make the above indicated 
determinations. In doing this we shall merely consider certain special functions 
F(z). No attempt will be made to obtain theorems of great generality, partly 
because of the difficulty of such an undertaking, but chiefly because of the beliet 
that a few well-chosen illustrations suffice to adequately impart the spirit and 
possibilities ot the method employed. In each of the functions F(a) considered, 

1See for example Lommet, “Studien iiber die Bessel’schen Functionen ” (1868), § 17. 

2See for example Barnes, Philosophical Transactions, Vol. 199A (1902), pp. 411-500; 
ibid., Vol. 206A (1906), pp. 249-297. Each of these memoirs contains an extended bibliography 


of the subject. See also Marrson, “Contributions 4 la Théorie des Fonctions entiéres ” (Thése), 


Upsala, 1905. 
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only the functions f,(z), @,(z) and the first one of the constants dp,, which is 
not equal to zero are determined, since these three determinations constitute 
what is essential to the study of the behavior of F(z) for large values of |z]. 
The method, however, permits equally of the determination of any one of the 
coefficients Gn, y. 

The functions F(z) considered fall into two classes: (a) those defined by 
infinite products and (b) those defined by infinite series. Under (a) we have. 
eventually considered (§§ 24-28) the asymptotic bebavior of the general integral 
function of order > 0—a problem to which considerable attention has been 
devoted in recent years*® and in connection with which we have entered into 
considerable detail owing to the importance of this and other analogous con- 
siderations in the general theory of functions. Under (b) we have eventually 
considered (§§ 28, 29) the asymptotic behavior of functions defined by power 
(Maclaurin) series —a subject of evident importance owing to the essential 
role of such series in analysis. The treatment for the latter is brief and indeed 
but fragmentary, yet it is believed that the most important known results (aside 
from those which concern the solutions of linear differential or linear difference 
equations)* have been indicated. 

The determination of the asymptotic character of functions defined in other 
ways than as infinite products or infinite series might well have been considered 
also in the present chapter, as likewise the corresponding problem for certain 
noteworthy special functions.” We have, however, limited ourselves in the 
manner indicated above, feeling that not all aspects of the subject could receive 
treatment within the limits of the chapter while those of the greatest permanence 
in the general theory of functions have been included, we believe, through the 
present selection. 

19. Example 1. To obtain asymptotic developments for the function 

2 1 


() F@) = Lon yipee 


We here choose a function which, as a result of the well-known formula® 


tan 2 = i! 
i = = 1 
~ (2% -- har ae 


3 See note at the bottom of page 44. 

4See Chapter III. 

* For miscellaneous investigations of this description, see Barnes, Edinburgh Trans., 
Vol. 19 (1904), pp. 426-439; Proceedings London Math. Soc., Vol. 3 (1905), pp. 273-295: ibid., 
Vol. 5 (1907), pp. 59-116; Transactions Cambridge Philosophical Soc., Vol. 20 (1907), pp. 253- 
279; Quarterly Journ. of Math., Vol. 38 (1907), pp. 116-140; Harpy, Quarterly Journ. of Math., 
Vol. 37 (1906), pp. 369-378; LirrLeEwoop, Transactions Cambridge Philosophical Soc., Vol. 20 
(1907), pp. 323-370. 

®See, for example, Tannery’s “ Introduction & la Théorie des fonctions d’une variable ”’ 
(Paris, 1886), § 117. 
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may be evaluated in the form 


Ft alptlecaes a 
(2) P@)=7 FE? 
and this fact will enable us to check our subsequent results. 


In order to obtain the asymptotic developments of F(z) as defined by (1), 
let us place 
‘| 


Quw+1P+2 


and regard z as having any fixed value z = p+ ig,i = V— 1, lying in a sector 
(center at 2 = Q) situated in the right half of the z complex plane and having 
neither of its bounding lines coincident with the axis of pure imaginaries. Then 
f.(w), considered as a function of the complex variable w = x + ty, satisfies the 
conditions demanded by Theorem IV (a = 0) of Chapter I, except that in case 
|q|> 1 the same function will present a single pole of the first order at the right 
of the pure imaginary axis, this pole being situated at the point w = $(— 1 — 2z) 
if g > 1 and at the point w = $(— 1+ 722) if¢g< —1. 

Thus we may apply the theorem, subject to the remarks of § 11, in order to 
obtain an expression for the sum 


fw) = 


> Fn): ip. 


We shall now distinguish between the following four cases: (a) |q|< 1, 
ate) ¢<—— Lidge 

In (a) we may make direct application of the theorem. Taking m = 0, we 
thus obtain 


® Leppre tl & Fite} Gepippet Be, 
where 

(a) 0) = — if PEE E Ee Day 

and 

(5) Eee th 


In these results let us now allow 2 to increase indefinitely, observing that 


: ue = | t ed eo 
i, ee (eye Fg |g jog eae z 


and that lim Q,(z) = 0. We obtain 


4 
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1 1 1 
F(z) = +5 wee a 5, are tan 5 


(6) 


me ia ee | dy 
mt if 1+ 22%y?2+2 (1— QWwy)P?+2je%—1 
Upon developing the various terms of the second member in ascending powers 
of 1/z, we thus reach (Theorem V, Chapter I) the relation 


(7) F@) ~E+ G+ 5+G+--. 


in which the coefficients a2, a4, as, -:: may be evaluated to any desired point.’ 

In case (b), equation (3) and hence (6) also, will continue to hold true ac- 
cording to § 11 provided that we subtract from its second member the residue 
of the function 


27 
a (Go + P+ Ale — I] 
at the point w = — $(1 + 7z) which (residue) is readily found (cf. (30), Chapter 


I) to be w/22(e"* + 1). Since, for values of z within the proposed sector, this 
function is developable asymptotically in the form (50) of Chapter I with 


Oy = =] = ++ = Q, 


it follows that relation (7) holds true also in case (0). 

Similarly in case (c) we have equation (6) except (cf. § 11) that we must now 
subtract from its second member the residue of (8) at w = 3(1 — 7z) and also 
that of the function 277f,(w) at the same point; 2. e., we must subtract the ex- 


pression 
T Tv us 


~ da(e** + 1) ' Oe Date"? 1): 
Thus, as in case (c) we see that relation (7) again holds true. 


Moreover, the same relation continues in case (d) as appears by writing 
F(z) in the form 


FO = yet Lopes 
and applying the method of case (a) to the summation here appearing; also 
recalling that in one and the same region there can exist but one asymptotic 
development for a given function. 
Similarly, if we note the effect in (4) of supposing the real part of z to be 
negative, we find that when z is situated in a sector lying within the left half of 


7 It may be noted that by using a sufficiently large value of m in applying Theorem IV (Chap. 
I) we may obtain any one of these coefficients in a relatively simple form involving the Bernoulli 
numbers. 
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the plane, relation (6) continues to exist provided that the term 7/42 be replaced 
by — 7/42. 

Thus in summary we may say that throughout any sector (vertex at 2 = 0) 
of the z plane which does not contain portions of the pure imaginary axis, the function 
F(z) defined by (1) may be developed asymptotically in the form 


=e 
FQ) ~ 4+ +44, 


wherein the upper or lower sign is to be taken according as we are dealing with a 
sector in which the real part of 2 is positive or negative. 

This result, which is at once seen to be consistent with the known relation 
(2), illustrates in simple manner the way in which asymptotic developments for 
a given function may be ascertained, at least in some cases, by means of the 
general theorems of Chapter I. This will be further illustrated in what follows, 
wherein we shall eventually consider cases of much greater generality.® 

20. In $19 we have considered asymptotic developments of F(z) (cf. (1)) 
which are valid in sectors situated in the right or left halves of the z complex plane. 
We proceed to show how the same method may yield analogous developments 
holding for the wpper and lower halves of the plane, exception being made natur-- 
ally of those (pure imaginary) points corresponding to the values 


2= + (Qn+ 1); n=0,1,2,--- 


at which F(z) becomes infinite. 
For this let us consider the function 
; ea 1 
(2) a F(2z) — Ont aly = gt 


n=0 


Regarding z at first as real, we place 
= 1 
ee) = Oy + 1P— # 


and again undertake to apply Theorem IV with m = 0. This can be done only 
in case ¢,(w) is analytic in w throughout the right half of the w plane. How- 


8 In the special instance before us it may be shown that az = a4 = ag = -+- = 0. In fact 
if we substitute in (7) the form for F(z) given by (2) we obtain 


em — | -r il GH. Gir 
sleet ola ise ate 


4zLem™ +1 2z Lite*™ 
where the upper or lower sign is to be taken according as the real part of z is positive or negative, 
and this relation is seen to be true when az = a4 = a5 = -:- = 0, It is to be noted, however, 


that in general if a function is defined by a series of the type of (1) (cf. (12)) no formula analogous 
to (2) is at hand. The indicated method for determining the asymptotic development of the 
function, however, remains the same, thus leading to coefficients ao, @, a2, ---, which are in 
general not all equal to zero. 
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ever, we are concerned with large values of |z|, and whenever |z| > 1 it is evident 
that ¢,(w) will have a pole of the first order within the indicated region at the 
point w = (z — 1)/2 or w = — (z+ 1)/2 according as 2 is positive or negative. 
Let us first consider that z is positive. We proceed to apply the theorem, 
subject to the remarks of § 11. 
Since the residues 7, 7g’ of the functions 
g-(w) 


2rigz(w) , 2rt en to J 
at w = B = 3(z — 1) are respectively 
Tv T 


~ D2? = Daz(e*** + 1) 
so that 
te ee ge EC ee 
"e288 diz e* # 4 I 


we may write (at least when x > $(z — 1)) 


: 3(z—1)—€ x dz 1 1 
a‘ = (J 4 ie Gz l= 2 2 @e i Fee) 


in which C, and Q,(a) are obtained by changing 2? to — 2? in (4) and (5). 
But from elementary considerations, the third term in (9) reduces to 
1 GF DQze a 8) 


Ay 198 (g— 1)(22+1+2)° 


Whence, upon allowing 2 to increase indefinitely we obtain (z > 1) 


mw e"™=—] 1 1 z+1 
dis oR PL] Dh ae a 


P(z) = 


cat Ip | 1 Re 1 | dy 
ayo LA4+ 2y)?-—2 CU — 2)? -—2 ]e4—1 
and hence (Theorem V, Chapter I) 


(11) 0) ~ tata 
where bo, bs, --- are determinate constants. 

This result may now be generalized to all values of z belonging to a sector S 
(center at z = 0) lying in the right half of the z plane, exception being made, as 
already indicated, of the points z = 2n-+1;n=0,1,2,---. In fact, we have 
but to suppose |z|> 1 to have in (10) two expressions equal for positive values 
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of z and each analytic throughout S and hence equal for all values of z in the 
same region.? Moreover, the last term in the second member (like the two 
preceding) is readily seen to be developable in ascending powers of 1/2”, thus 
leading to a series which, in the sense of § 13, represents the same term asymp- 
totically for all values of 3 in S. 

Likewise, the same relation (11) is found to hold true for a corresponding 
sector in the left half of the plane, exception being made of the points 


z= — (Qn+ 1); n= 0,1, 2, --- 


so that, having replaced z by — iz, we may say in summary that throughout 
any sector (vertex at 2 = 0) of the z plane which does not contain portions of the real 
axis, the function F(z) defined by (1) may be developed asymptotically in the form 


we7*— 1 


1) ~ Geer 


bo, b 
ae eer 


This result is again seen to be consistent with the known relation (2).1° 
21. Generalization of Example 1. The method above illustrated for deter- 
mining asymptotic developments is in general applicable to functions F(z) 
defined by series of the form 
s+ (n) 
Ke) = 2 So 
© = im) + p@ 
where p(z) is an integral function of z and where (nm), w(m) are functions of n 
such that Theorem IV, subject to the remarks of § 11, may be applied to the 
expression 
Bw) 


in order to find for a given value of z the sum 
a—l 
yf.) 


We observe in particular that by taking p(z) = 2% (q = integer 21) the 
expression F(z) (or the sum of a number of such expressions) comes to include a 
wide variety of functions having radial clusters of polar singularities in the 
neighborhood of the point z = «—a characteristic common to many of the 
more important functions of analysis. 

In cases where f,(w) cannot be considered as a function of the complex 


9It may be remarked that the last term in the second member of (10) is analytic throughout 
S (\z| > 1) because the improper integral involved converges uniformly for values of z in any 
sub-region S’ of S whose boundary does not touch the boundary of S. (Cf. Oscoon, “Encyklo- 
pidie der math. Wiss.,” II, 2, § 6.) 

10 In view of the same relation it appears from (11) that in the present simple case we have 
be = ba = bs = -:- = 0 and that the symbol ~ may be changed to =. Cf. note 8, p. 35. 
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variable w = x + iy but is continuous in the real variable 2 we may frequently 
determine the desired developments by use of Theorems I, II or III of Chapter I 
(subject possibly to the remarks of § 10). The manner in which Theorem I may 
be thus used will be shown in the following example wherein an important 
type of function F(z) different from that of § 19 is taken. 

22. Example 2. To obtain asymptotic developments for the function 


(12) re = T1144], 


As in example 1, this function may be evaluated beforehand and takes the 
form 


—1TZ 


(13) F(z) = Ona eS a 


QZ 


thus furnishing a check upon our subsequent results. 
We begin by writing 


i.) 2 a—1 a—l 
(14) log F(z) = Slog | 1 +5] = tim| Slog (x? + 27) — 2 Dlog 2 |. 
n=1 2=0 2] Leal 


From § 12 we have 
a—1 


(15) —2 2 log x = — 2log I(x) = — log 27 — 2(4 — 4) log z 
+ 24+ w(x); lim w;(2) = 0. 
2=+0 


We proceed to apply Theorem I (Chap. I) with m = 1 to the first summation 
in the last member of (14), taking for this purpose f(x) = log (a? + 2?) and 
supposing for the present that z is real but different from zero. The theorem 
may be applied since the series (37) (Chap. I) becomes 


a@)= Sf {Bree+} — extod, 


=ytt 
which, as in (38), may be written in the form 
Bie 


and is therefore convergent. 
Thus we have 


Sale (a? + 22) = 4 log (1 + 2”) + 9,(1) 
(16) z=1 


zt in log (a2 + 2)dx — 4 log (22 + 2”) + 0,(2). 


11 See, for example, Tannery, l. c., § 121. 
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Moreover, 
it log (a? + 2*)da = x log (a? + 2") — 2a + 2z are tan” 
so that by combining relations (14), (15) and (16) we obtain 


log F(z) = — log 24 — 4 log (1 + 2”) — 2z are tans + 2 — 2,(1) 


2 
a lim| — 3) log (1 +5)+ 2z arc tan + w31(a) + a,c) |, 
But a 


a2 
lim (x — 3) log (1 + 5) = 0; lim w;(7) = 0; lim Q,@) = 0, 


and, supposing at first that z is positive, we shall have lim 2z arc tan (a/z) = zz. 


z=0 


Therefore, we may write (z real > 0) 


(17) log F(z) = — log 22+ rz $log(1+5)+2(1 — zaretan ) ~ G1). 


On the other hand, if z is negative we obtain 


log F(z) = — log (— 2rz) — rz — 4 log (1 +5) 
(18) ; 
+ 2(1 — gare tan ) — 2,(1). 


We now observe that the expression (2,(1) is a function of z which is single 
valued and analytic in any region whose boundary does not cross the axis of 
pure imaginaries. Whence, within any region A; situated in the right half of 
the z plane, equation (17) may be used, while similar remarks apply to equation 
(18) for values of z pertaining to any region Ag in the left half of the plane. More- 
over, if the boundaries of A; and A, are not tangent to the pure imaginary axis 
at o, the function 0,(1) vanishes like 1/22 when |z|= o in Ay (or Ag) and is 
developable asymptotically by Theorem V, Chapter I, in powers of 1/2? within 
this region. It therefore remains but to apply the result stated in § 15 in order 
to say that throughout any sector (vertex at 2 = 0) of the z plane which does not 
contain portions of the pure imaginary axis, the function F(z) defined by (12) may 
be developed asymptotically in the form 


“f1+ S454], 


wherein the upper or lower sign is to be taken according as we have a sector in which 
the real part of 2 18 positive or negative. 


+ ¢ 
F@) ~ 212 
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This result is at once seen to be consistent with the known relation (13).” 

23. We proceed to show how asymptotic developments for the F(z) of § 22 
may be obtained which will be valid in sectors that may include the pure imagi- 
nary axis. For convenience we shall convert this problem into the following: 
“To determine asymptotic developments for the function 


ca) 2 
(19) Mia) = =| 1-3 |, 
which shall hold good throughout certain sectors that include the real z axis.” 
Considering at first that z has a fixed, positive, non-integral value > 1, we 
proceed (cf. (14)) to study the expression 


C— 


il a—1 
(20) H(z) = tim| log (a? — 22) — 2 > log x | : 
2=0 1 a=] 


in which we agree to write log (a? — 2”) = log (2? — a?) + mt whenever x < z. 
Then e™® = G(z), 

In order to obtain a form analogous to (16) for the first sum here appearing, 
let us place 9,(w) = log (w + 2) + log (w — 2), in which it is understood that 
the function log (w — z), considered as a function of the complex variable w, 
is rendered single valued throughout the right half of the w-plane by means of a 
cut extending from the point w = z vertically downward to the point w = ». 


We shall then have 
a—1 x—1 x—1 x2—1 
(21) 2 log (z?-— 27) = 2, e:(2) = 2 log (a+ ez) + 2 log (x — 2) 


and we may at once apply Theorem IV (m = 0) of Chap. I to the first sum in 
the last member, thus writing 


Sloe (2+ 2) = 4 log (1+ 2) — 2,(1) 


(22) ep | e 
ne f log (a + 2)dx — $ log (wx + z) + Q,(2), 
where 
. i. d 
(23) Q,(@) = if jog ($e) ot ph 


The second sum, however, can not be treated in the same manner owing to the 
presence of an essential singularity of the function log (w — z) at the point 
w =z. In this case a related method yields the desired result as we shall now 
show. 

2 By means of (13) we may show (cf. note 8, p. 35) that in the present instance 


WE PPR ENO SS OO, 12 (9). 
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Let us take for this purpose the integral of the function 


fz(w) ; 
p(w)’ 


falw) = log (w— 2), lw) = er” — 1 


with respect to the complex variable w from the point w= z— 4% (j = any 
real, positive value, arbitrarily large) situated on the right side of the above 
mentioned cut, around the open contour ABCDCEFGFHI indicated in the 
following figure, the integration terminating at the same point on the left side of 
the cut, and it being understood that the two closed loops CD and F@ include 


Fie. 2 


respectively the points w = 2, 3,4, ---,pandw=p+1,p4+2,---,2—-1, 
where p is the integer for which p < z < p+ 1; it being understood also that the 
closed curve BCEFH forms a circle of arbitrarily small radius £ with center 
at the point w = z. 

It follows from (30) of Chapter I that we may then write 


op Be) cr P(w) 


D log @ — 2) = dw + 


where CD and GF denote respectively that the indicated integrations take 
place in the positive sense along the closed contours CD and GF. 
Whence, we have also 


flv) 4, f-(w) 


ge (aw) 4 1 ow) 


(24) 3 log (2 — z) = log (1 — 2) + { dw, 


in which C indicates an integration over the entire contour from A to I, while 
L indicates an integration over the open loop ABCEFHI. 
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Let us now replace C, as may evidently be done, by the figure in part rec- 
tilinear and in part semicircular AbcdefghijkI whose vertical sides (produced) 
pass respectively through the points w = 1, w =a. With the understanding 
that the radii of the ares jih, cde are each equal to e, we have now but to refer to 
the processes employed in § 8 to see that by taking j = © we may write (24) 
in the form 


> log (wv — 2) = $ log (1 — 2) — Q_.01) + iL log (w — 2)dw 
Use fx(0) ap 
} log (e— 2) O42) + EQ — f Ua 


where the path M extends from w = 1 to w = a over the curve 1FECz, where 
L.. denotes the path resulting from L by placing 7 = ©, where Q_,(x) is the 
expression obtained from (23) by replacing z by — z and where E(e) denotes 
an expression which becomes infinitesimal with e and may therefore be at once 
neglected. 

Now, 


(26) I log (w — z)dw = [(w — 2) log (w — 2) — way 
= (zg — 1) log (1 — 2) + 1+ (a — 2) log (@@ — 2) — x. 
Again, we may write 
LC ee oe Aas 1 log (e?7*" — 1) a 
o(w) Qari tog (=. 8) lon Ke Qr1 w— ZB 


as appears by an integration once by parts. Whence, 


f-(w) eee . 
= log [e?"*- — 1] — log [e?"* — 1]. 
7 (Ww) gl | g [ ] 
Upon placing 7 = © and making use of the relation ¢?"* — 1 = — 2te—"* sin rz 


it thus appears that the last term of (25) (the coefficient — 1 included) is equal to 
— log (— 1) + log (— 22) — wiz + log sin rz = log 22 — riz + log sin zz. 

Let us now combine relations (20), (21), (22), (25) and (26), availing our- 
selves also of (15) and of the facts just observed concerning the last term of (25). 
Noting mutual cancellation of terms and placing x = © in the final result, we 
arrive at the relation 


H(z) = log sin rz — log 24 + log 2 — wiz — 4 log (1 — 2’) 


1l-— gz 
+ 2 log That 27 2(1) — O,(1). 
If we now write 


: 1 1—z : a—- 1 
— 3 log (1 — 2?) =— log iz — 3 log (1-5); slg Teg ee Oe ay 
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and then introduce the relation 
— log 2r — log iz + log 22 = — log zz 
we may therefore write 
rye ee a ee (4 z—1 
H(@) = log "2 — 4 og (1-5) + (2+ slog =F 7) ~ (2.0) + 2.00). 


Similarly, we arrive at the same result when z has a negative non-integral 
value. 
Furthermore, the fun:tion 


em rae Ri (1 + ay)? — 2? dy 
Q,(1) + Q.(1) = —72 ie log l& See ere 
is single valued and analytic throughout the portions of the z plane lying to 
the right of the line z = 1 + zy and to the left of the line z = — 1+ zy while 
the same function is developable asymptotically by Theorem V, Chapter I, 
throughout the same regions in the form 


atatSt: 


Noting that for the function ®(z) defined in (19) we have ®(— iz) = F(z) 
where F(z) is the original function (12), and recalling also that 


we may say in conclusion that throughout any sector (vertex at z = 0) of the z 
plane which does not contain portions of the real axis, the function F(z) defined by 
(12) may be developed asymptotically in the form 


LSC NW, Tame 


é 
~ TS S 14 S484 |, 


This result is seen to be consistent with (13). 
24. We proceed to the following more general problem: 
Example 3. Given 


F(z) 


F(z) =T(1-Ze) 


n=1 


a ‘ p = integer =1* 
r@) =TI(1-; ain em; ( a) Ieper 


n=1 


or 


according as0<p<lorp Zl. To determine asymptotic developments for F(z). 


13 We adopt the familiar notation exp x for e*. 
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This problem, in view of the important rédle which the F(z) thus defined plays 
in the modern theory of integral functions, has already received considerable 
attention.!4 Our purpose here will be to deduce through a uniform method based 
on the fundamental theorems of Chapter I the known results together with 
others of a supplementary character.” 

We shall suppose at first that p is non-integral and > 1 (p< p<p+l1, 
p = integer = 1). Also, for the present z is to be regarded as having any fixed 
value (real or complex) except one of the following: 21”, 31/°, 41/, - « 

The method then requires that we take for consideration the expression 
(cf. (20)) 

a—1 a—1 “—1 p 1 Z v 
(27) A(z) = tim| Slog (2° — 2) — 7 2 log r+ >, 2 (4) | r= Alp 


x=1 z=1 y=l V 


in which the value to be assigned to log (a7 — z) may for the present be taken in 
any manner consistent with the equation exp log (v7 — z) = x” — 2. 

Then exp H(z) = F(z) where F(z) is defined as above. 

We proceed to study the behavior of the first term appearing in brackets 
in (27) when 2 is large. 

Following the method of § 23, let us place 


f-(w) = log (w’ — 2), 


where w’ is understood to be so defined as to be real when w is real and positive 
and where the logarithmic function is understood to be rendered single valued 
in w throughout the right half of the w-plane by means of a rectilinear cut ex- 
tending from the point w = 2° vertically downward to the point w= ©, the 
value of 2° being determined in accordance with the following conventions: if 
z= r(cosg+2sing) then 2° = r°(cos po +7%sin py) subject to the relation 
—2r<g2Z0. The function f,(w) having been thus defined and defined 
uniquely for every value of w whose real part is positive, let us now impose for 
the present the additional condition upon z; viz., real part of 2? > 1; 7. e., 
r? cos pp > 1. Next, let us consider the complex integral 


f2(w) 

o Ow) 

14 See Metin, Acta Soc. Sc. Fennicae, Vol. 29, No. 4 (1900); Barnus, Philosophical Trans., 

Vol. 199A (1902); LinpELGr, Acta Soc. Sc. Fennicae, Vol. 31 (1902), p. 53; Wiman, Arkiv for 

matem., Vol. 1 (1903), p. 105; Marrson, ‘‘ Contributions 4 la théorie des fonctions entiéres ”’ 

(Thése, Upsala, 1905); Harpy, Quarterly Journ. of Math., Vol. 37 (1906), pp. 146-172; Forp, 

Annals of Math., Vol. 2 (2) (1910), pp. 115-127. 

* It may be observed that this problem differs from the earlier more special ones of §§ 19, 

20, 22 and 23 in that no formulae are at hand analogous to (2) and (13) by which we can predict 

beforehand the character of the solution. The present problem therefore illustrates to good 
advantage the value of the methods which we have been using. 


dw; g(w) = em” —] 
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taken from the point w = 2° — 7j (j = any real, positive value, arbitrarily large) 
situated on the right side of the above mentioned cut, around the open contour 
C = ABCBDEFGHGI indicated in the following figure, which contour, as a 
result of the above condition r? cos pg > 1, necessarily includes the point w = z° 
within its interior, it being here understood, as in Fig. 2, that the point J is the 


EIGs 3 


one on the left side of the cut corresponding to A and that the closed loops BC 
and GH include respectively the points w = 2, 3, 4, ---, g and w=q+1, 
q+ 2, --+, @@ — 1) where q is the integer for which-q < real part 2° < q+ 1; 
also that the curve DEF forms a circle of arbitrarily small radius £ surrounding 
the point w = 2°. 

Corresponding to relation (25) of § 23 we thus obtain 


5 log (v7 — z) = 4 log 1 —2) —0,0)+ {108 (w? — z)dw 
: OP 


ae) 3 log ios << Z) 0,(x) 7. ‘ o(w) 


where M indicates an integration over the path 1GFEDBz," where L indicates 
an integration over the path ADEFI in which, however, the points A, J are 
now supposed to be taken at an infinite distance along the cut, and where Q,(2) 
is given by the formula 


16 In case real part zP = q = an integer, the indicated loop HG, instead of containing w = q 
in its interior, will have this point upon its boundary. To obviate the difficulty thus arising, 
let it be understood in this case that the cut does not extend vertically downward from the point 
w = ze but first extends an arbitrarily small distance to the right of this point and then vertically 
downward as before. The reasoning which follows will then apply. 

17 In case ze is real and > 1 the path M becomes the curve, in part rectilinear and in part 
semicircular, 17 HCz of Fig. 2; while if imag. part ze < 0 the path M may be taken as the straight 
line 1z (Fig. 3). 
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(28) 0,(¢) = if log [(x + ty) set log Med), 
or } : 
ey ain = 4 fee ges jaar 


it being understood that the integrand of (29) is so defined as to be equal for 
all values of 2 and y to the integrand of (28). 
Now, an integration once by parts shows that 
dw 


we— Zs 


log (w’ — z)dw = w log (w” — 2) — ow — o2 


Whence, 
dw 
f tog (wo? = 2)dw = 2 log (@" = 2) — on — 02 f <P — log (1-2) +. 


We have now but to recall the formula (15) to see that the first two terms in 
the square bracket of (27) combine into the following: 


© log (w* — 2) — od log 2 = — Slog 2x — 3 + log (1 — 2) 
(30) = 9,(1) + (2) +0 + (@ = ¥) log(1- 4) 
oz - = (x) — Ee ae. 


We turn next to consider the third term appearing in square brackets in (27). 
By use of the well-known relation!® 


e real part p > 0, 
oO l+5tat- ane pt ++ b(n); fer ee 


wherein ¢ represents the Riemann ¢ function, we may write 


a-l py Je er ee be 4 
22 i(2) - Ere T+ Ee (5) +80 
(31) : 
= Clap) +h sprit oat Ble) 


lim £,(x) = 0. 


Whence, upon observing that the sixth term in the second member of (30) is 
of the form 


->. Sat nla); — lim fe) = 0 


18 See PETERSEN, Fe tiber Funktionstheorie” (Copenhagen, 1898), pp. 161-169. 
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also that lim Q,(x) = 0, we arrive at the following relation after combining 
(27), (80) and (31) and placing 2 = © 


() 


(32) H(z) =— 5 log 24 — + log (1 aa 3)— Q,(1)-+ = ¢(or) ~+8(e ) — fe ao 


where 


(33) s(@) = lime | 1+ Sq — aa a ae |. 


The properties of S(z) will be considered in further detail later. For the 
present we turn to the last term of (82). 
By placing 
u = f-(w) = log (w” — 2), dv = ue ie 


(wo) ate — 


so that 
owe? 


1 ; 
ee = —274w 
du = ee dw, t= 55 log (é€ 1) 
it appears that 
f.(w) , 
g(w) 


1 spend lr iw __ 
oe log (w 2) log (é 1) 
20) (peal los (eae 


202 we —Z 


(34) 


Now, the difference between the value of the first term here appearing on 
the right when considered at the point w = A and its value at the point w = I is 


(35) log [— 1+ exp — 2m (real part 2° — 1j)] 


as appears by making the substitution w’ = s or w = s® and evaluating the 
resulting expression between corresponding s limits. Moreover, by means 
of the same substitution the second term in the right member of (34) becomes 


1 log [— 1+ exp — 2nis"] 
Dri oe 


(36) 


where the integration is extended over a contour in the s plane which includes 
no singularities of the integrand except the simple pole at s = z. But the value 
of (36) is evidently the negative of the residue of the integrand at the point 
gs = 231. e., — log [— 1+ exp — 2miz*]. 

Since the expression (35) becomes log (— 1) in the limit as 7 = , it thus 
appears that 


t e(w) 


dw = log (— 1) — log [— 1 + exp — 2m7z2"]. 


If in (32) we place log (1 — z) = log (— 2) + log (1 — 1/z) we may there- 
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fore write the original function F(z) in the form 


(38) F(z) = A(z) Bs), 
where 
—QrizP 1 —2QrizP —mizP .* p 
dey € | Bes ib De, sin 712 


— v2 a 2r Oma Omz? 


and 
(39) B(z) = exp | 2 slo) + S(z) — 2.(1) — 3 log (1 -*) |. 


Thus far we have supposed z to have any value (real or complex) such that 
g+n)'; n=1, 2, 3, ---, and such that having placed z= r(cos gy +7 sin ¢) 
and agreed to write 2° = r°(cos pe +72sin py) with — 2r << ¢ S0, we have 
r? cos py > 1. We now proceed to study in further detail the expression B(z) 
and for this it is desirable to remove for the present all restrictions as regards 2, 
thus enabling us to determine certain functional properties of the same expression. 

We turn first to the expression 2,(1) which appears in B(z) and which by 
reference to (29) is seen to be defined by the relation 


(Pigg Gime =] _4 
(40) 2,01) = -if log | ee |e. 


For a given value, real or complex, of z this 2,(1) evidently has a meaning unless z 
be such that the equation (1 + ty)’ = z has a real solution in y. In order to 
determine the values of z for which this happens, let us place 


2 = r(cos@+7 sin ¢) 
and make the conventions already indicated as to the meaning of z°. For the 
exceptional values in question we must then have 1 + ty = r?(cos pp + 7 sin pg) 
so that the same values are those lying on the locus of the equation r? cos pg = 1; 
—2r<g=0. Whence, if r be large the same values will tend to have an 
argument of the form — (2n + 1)z/2p wherein n is a positive integer for which 
the same argument lies between — 27 and 0. Again, if the locus just mentioned 
be drawn, the z plane is thereby divided into portions in each of which Q,(1) 
is a single valued, analytic function of zg, since within any sub-region 7” lying 
wholly within such portion the convergence of the integral in (40) is readily seen 
to be uniform. Moreover, if arg z has any value other than one of the exceptional 
type just mentioned, we may write lim 0,(1) = 0. In fact, upon reference to 


|z|=00 


Theorem V, Chapter I, it appears that under such hypotheses we shall have 
ay a2 a3 
Q,(1) <~ 3 ag Tes eS) 


where the coefficients a1, a2, --- may be obtained by expanding the integrand 
of (40) in ascending powers of 1/z and integrating term by term. 
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Secondly, we turn to the expression S(z) defined by (33). Since 


S—= + 


we—s fa W w? (we — 2) , 


get 


we may write 


p v 3 
(41) : dw ats g + amt f dw elt 


we—-s jadl- ov)we* w??(w? — 2) 


Whence, recalling that M extends from w = 1 to w = 2, we obtain the following 
relation: 


(42) s@) =| & = - at [ |, 


=o L — op wP (we a= 3) 


where N represents the path obtained from M by supposing x = + ©, 

In the consideration of this expression we have thus far considered that 
real part 2° > 1 and from what has already been noted it follows that if we have 
also «mag part 2° < 0 we may replace (42) by 


(43) s@) =| & s an [ S|. 


v=0 1 ree of) dpe — 2) 


The form of (42) may also be simplified when imag part 2° > 0 (real part 
2’ > 1). In fact, we may then write 


dw z dx dw 
Perea ook ae, 


where the last symbol represents an integration in the positive sense about the 
circle. ji 

Moreover, the last term of (44) is readily evaluated and found to be equal 
to 2rip2’-?-1, 


Thus, when wmag part 2° > 0 (real part > 1) we may write 


(45) S(z) =o | 3 oa gPtl [% aes | + 2Q7ip2?. 


spl — ov er Pgs —"s) 


These facts being premised, let us consider the properties of the right member 
of (43), all assumptions as regards z being laid aside for the moment. Evidently, 
the expression in question represents a function of z which is single valued and 
analytic in any region 7' which does not cut the portion of the real z axis extending 
from z= 1 to z=-+ ©. Moreover, when |z|< 1 we find upon expanding 
in ascending powers of z that the same expression is developable in the form 


ao v 


(46) o 


yvaol—ov j,=2p—Y 


For large values of |z| the properties of the right member of (43) are now 
5 
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derivable by means of the following Lemma which we shall state and prove at 
this point and to which we shall have occasion to refer frequently throughout 
what follows. 

Lemma. If the coefficient g(n) of the power series 


= integer, positive, negative or zero 
r = radius of convergence > 0 


(47) > onan; 


is such that (a) when considered as a function g(w) of the complex variable 
w= x-+ iy it is single valued and analytic throughout all portions of the w 
plane lying to the right of (or upon) the vertical line w = a — 3 + ty except for 
a finite number of poles situated at the points w = Ai, Ae, +++, At ++, Ans Ae ON 
teger = a? and (b) is such that to an arbitrarily small positive quantity e there 
corresponds a positive constant K (independent of x and y) such that 


Pee 
g(x) 
for all values of 2 = a — 3 and for all positive values of y sufficiently large, then 
the function f(z) defined by (47) when |z|< r may be extended analytically 
throughout the whole z plane with the exception of the positive half of the 

real axis, and throughout this region will be defined by the equation 


= yee een ett a a—}—ty m 
(48) f(z) = —f g(a — 5 + vy) (— 2) dy — or 


cosh ry 


21 


< K exp ey 


in which, if we place z = r(cos g + 7 sin ¢) it is supposed that we write 
(ez) exp NG eo) Oe ae) 

= exp [(a — 3 + ty) (log r + 2 + tm)] 
and take — 27 < ¢ < 0 and in which 7; represents the residue of the function 


Tg(w)(— 2)” 
a g(w)(— 2) 
sin Tw 

at the pole w = ),.” 

For the proof of this lemma let us at first suppose for simplicity that g(w) 
has no poles at the right of (or upon) the vertical line w = a — 4 + “vy and let 
us regard z for the present as having any fixed value. The lemma then results 
from a consideration of the result obtained by integrating the function (49) 

19 Cf. LinpeLér, “Calcul des résidus” (Paris, 1905), p. 109; also, Forp, Journ. de Math., 
Vol. 9 (5) (1903), p. 223; also, Bulletin of Amer. Math. Soc., Vol. 16 (2) (1910), p. 507. 

20 This condition is fulfilled from the fact that g(n) has a meaning when n = a,a + 1,a + 25 

Otherwise the given series (47) would lose significance. 

This condition is satisfied in particular if constants C; > 0 and C; = (C; exist such that 

Ci < l|g(w)| < Co. 
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about the rectangular contour C,, formed in the w plane by the lines 
w=a-—- ftw, w= $+ 2nH wy, w=ary 


where n is any integer such that 2n > a and where j is any positive quantity, 
arbitrarily large. Upon applying (30) of Chapter I to the result of such an 
integration, we arrive in the first place at the relation 


~ 2k Sees 
50) dg Ls 2iJe, sin rw oe 
Supposing at first that zis real and negative, we proceed to study the integral 
here appearing in further detail. 
First, along the side of C, upon which w = 2+ 7 we have dw = dx and 
sin rw = sin r(@ + 27) = sinh zj(sin rx coth zj +72 cos rx) so that if we call 
the contribution from the side in question J, we may write 


ee le ge y)(— 2)" 


~ 2¢ sinh 17 Jon44 sin 7x coth rj + 7 cos rx 


Whence lim J = 0 provided that 
j=o 
(51) lim e~"g(a + 27) = 0; 2xZa-—. 
j=o 


Similarly, we find the same result for the contribution arising from the side 
of C,, upon which w = x — 1 provided, however, that 


(52) lim e~"4g(a — 27) = 0; 2Za— t. 
j=n 

We observe that both conditions (51) and (52) are satisfied in the present case 
as a result of (b) of our hypotheses. 

Next, let us consider the side of C, upon which w = 4+ 2n-+ iy. Here 
we have dw = idy, sin rw = cos iry = cosh ry so that having taken 7 = ~, 
the contribution in question becomes 

ge ely Yea 
tS 2 ia cosh ry 


a 


and it follows from (6) of our hypotheses that the improper integral here appearing 
has a meaning (z real and negative). Moreover, it follows likewise that if 
|z|< r we shall have lim J = 0. 


Whence, if we now take account of the contribution arising from the remaining 
side w = a — 4+ iy of C,, noting that we here have sin rw = (— 1)*7? cosh ry 
while the integration takes place from y = + © to y = — ©, we may write 
coi lia a linea 


cosh ry 


(53) Sar = 


n=a 


52 DETERMINATION OF ASYMPTOTIC DEVELOPMENTS 


This relation must hold good as we have indicated, for all values of 2 which 
are real and negative and such that |z|< 7. But the first member represents a 
function of the complex variable z which is single valued and analytic throughout 
the circle of convergence of (47) while the second member, with the conventions 
introduced in the lemma as regards the meaning of (— z)*#*” represents a 
function of z which is single valued and analytic throughout the whole z plane 
except for the positive half of the real axis. In fact, for all values of z in a region 
T which does not cut or touch the positive half of the real axis we shall have 
from the indicated conventions —  < ¢ < 7 so that upon introducing (b) of 
the hypotheses it appears that we may choose e so small that the improper 
integral in (53) will converge wniformly for all values of z in T. Whence, the 
same integral will have the analytic properties just indicated, and we reach in 
summary the lemma for the case in which g(w) has no poles to the right of the 
line w= a—4-+ wy. 

That the lemma holds true in the more general case follows at once upon 
noting that relation (50) then continues (n sufficiently large) provided we add 
to its first member the expression 


™ 
aS Tt. 
t=1 


Returning to the second member of (43) which is defined when |z|< 1 by the 
series (46), let us now apply the above lemma to the latter series, taking for this 
purpose g(w) = 1/(p — w). Since the residue of the function 


a(— gz)” 
(p — w) sin 7p 


(54) 


at the pole w = p is — r(— 2)?/sin zp, it thus appears that for all values of z 
except those real and positive we may write the expression in question in the 
form 


a(— z)? 
ie + Riz), 
where 
% (— zg) ity 


Riz) = 3 


d 


Lb epee 


it being here understood that the expressions (— z)* and (— z)~#+™ are to be 
interpreted in accordance with the conventions stated in the lemma, 7. e., if 
z= r(cos¢+isin ¢g) with — 27 < ¢ = 0, then 


(— 2)? = exp p(log r+ tg + a) = r*[cos p(g + 7) + isin pp + 7)] 
and 
(— 2) #*” = exp [(— $+ zy) (log r+ te + tn)]. 


Upon referring to (43) and (44) it follows then, as regards the expression 
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S(z) originally defined by (83), that throughout any region 7 of the z plane in 
which real part 2° > 1, imag part 2° < 0 we shall have 


(55) OUTER 


sin 7p 


while throughout any similar region 7, in which real part 2° > 1, imag part 2° > 0 
we shall have 
Sz) = sete 2rip2’ + R(z). 
sin 7p 
Hence, according as 2 lies in 7; or 7’; the expression B(z) defined by (39) takes 
the form 
B(g) = exp C(z) or B(z) = exp [C(z) + 2ripz"], 


= 3” — 3) il 
o@) = de (2)2 4% — 4 tog(1 -2)— 9.0) + RO, 


Sl 


where 


We note also that since R(z) is equal to 1/277 multiplied by the result of 
integrating the expression (54) from y= — © to y= + © along the line 
w= — 43-4 iy it follows that we may replace R(z) by a similar expression R(z) 
in which the path of integration is w= — k —4-+ ty (k = arbitrarily large 
positive integer) provided this R(z) be increased by the sum of the residues of 
the function (54) at the poles w = — 1, — 2, ---, — k. Moreover, since these 
residues form the first k terms of a series of the form 


= ay 
(56) dot af aa 2 5 1, 2, +++ constants as regards z 


while lim z*R(z) = 0 it follows that the original expression R(z) is developable 
asymptotically in the form (56) (arg z + 0). 

It follows, then, upon reference to (388) and to the properties which we have 
now established for Q,(1) and R(z) that we shall have the following relation in 
which the upper or lower of the double sign + is to be taken according as 2 is 
confined to [2 or 71: 

Pp v —3 p 
(57) F(z) ~ ante exp | a wiv + Ds (* E+ aS a) |. 
“A Dara eae PI”, 


sin 1p 


Upon observing that when imag part 2° > 0 the function exp 7iz° is develop- 
able asymptotically in the form (56) with a) = 0, a1 = 0, ---, while the same 
is true of the function exp — wiz? when imag part 2° < 0, it appears that the 
above relation may be simplified into the following holding good for values of z 
in regions of either type 71 or T2: 


(58) F@) ~ eee pf Se(2Z)Z +2 ""]. 


a sin 1p 
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This relation, as we have noted, holds true only when real part 2? > 1. We 
now proceed to determine an analogous relation for any region 73 in which 
real part 2° < 1. 

If this assumption be made at the beginning, the cut in the w plane falls 
entirely outside the rectangle bfgk so that we at once obtain (32) except that 
the last term of the second member is lacking. Moreover, the expression S(z) 
takes the form (55) so that, upon writing log (1—z)=log (— z)+log (1—(1/z)), 
we have 


H(z) = — 3, log nr — 5 log (= 2))— Flog (1 * s)- 2,(1) 


59 
2 +255(2)E4 5+ Re 
war \p/ ¥. Sulap : 
and hence 
ee cet Ve ee 
) Lo ~ ago | 215) > sin xp |: 


Before summarizing the preceding results into a theorem it is desirable to 
note certain corresponding results which may be obtained when 2? is confined 
to the real domain (1, + ©) —a case not included in the above discussion. 

If this assumption be made at the beginning the corresponding Fig. 3 becomes 
that represented in Fig. 2, except that the cut extends from the point w = 2° 
instead of from the point w = z. Thus we obtain equation (32) as before with 
S(z) defined by (33) in which, however, the path M is now understood to be 
1FECx of Fig. 2. We arrive, therefore, at (38) in which A(z) is defined as 
before, while B(z) is defined by (89) with S(z) given by (42) wherein N repre- 
sents the path 1FEC + o. In this form S(z) is now developable (as was (43)) 
when |z|< 1 into the form (46) from which we find as before that unless 


g=argz=0 


the expression S(z) is given by (55). In other words, S(z) will be given by 
(55) when ¢ has any one of the following values (for which z? as above defined 
is real and positive) except the value ¢ = 0: 


2 4 6 2k Or 
(61) ye es Baas Se — > op, 


Moreover, when ¢ = 0, S(z) preserves a meaning as appears from (42), provided 
that z + 1, so that the same expression may be obtained from (55) when zg = r 
is large by placing therein z= r(cos ¢+ isin yg), observing the indicated 
conventions as to the meaning of (— 2)?, (— z)-#+™ and passing to the limit in 
the resulting expression as ¢ approaches the value zero through negative values. 

Thus it appears that when 2? is real and positive —i. e., when ¢ has any 
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one of the values (61) —we shall have relation (57) in which the negative sign is 
to be taken before the expression miz® which appears in the square bracket. 
Upon noting the various sections of the z plane which correspond respectively 
to regions of the types 71, 7: and 73, we thus arrive at the following 
TuHeoreM I. Given the typical integral function of rank p (order > 0): 


° g ae ey ae ak ; 
F(z) =TI (1-5 )ew 23 (4) 3; p= integer =1 


with the assumption that p is such that p << p<p+1. 
If, having placed z = r(cos gy + 7% sin ¢g) we agree that 2° and (— 2)? shall be 
defined respectively by the equations 


2° = r?(cos pp + 2 sin pg); —Iar<¢=0 
(— 2)? = [cos p(g + 7) + 78in p(y + 7)] 
then for values of 2 of large modulus and lying within sectors of the type 


4k + 3 4k+1 
_ ak eee ee bere OFT 20,5 —2r <¢<0 
2p 2p 


we shall have 


ee ry ot (ee eee 
PQ) ~ ewe | Ee 3) E+ ries | 


where ¢ vs the symbol for the Riemann ¢ function, while for values of 2 of large modulus 
and lying within sectors of the type 


4k — 1 
a eas Oto Bee ee 
p 2p 


— 


we shall have 


2 sin 72° a y\ 2" Cra) 
Ne reer exp | U(2)E+ 2G |, 


provided ~ does not have one of the exceptional values 0, — 2r/p, — 4r/p, — 6r/p, 


Moreover, for the exceptional values of y just mentioned we shall have when |2| 


as large 
SN eso ea 
F(z) ae exp | Tz +g ‘ ap : 


AS aia 
sin 7p 


In the following figure the sectorial regions indicated, I and II, represent 
those in which for large values of |z| the first or second of the above forms 
holds good respectively, while the dotted lines represent the special directions 
along which the third form applies. It is to be understood that the last radial 
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line drawn is that upon which ¢ = — 97/2p, but that a complete figure would 
contain all similar lines upon which 
2k +1 
ea es ki O45 25 O88 and g> — 2dr, 


the scheme of alternate division of the plane into sectors of types I and II being 
earried forward up to and including the last sector thus obtained. 


Po— I 


2p 


Upon noting that for values of z which are real and positive (2 = r) we have 


cos pr + 7 sin pr 
sin pr 


, ie Gee ; 
_ re eae — mir? + mr? 
sin 1p 


= mr? cot pz, 


it appears that the above theorem is consistent with certain results of Harpy to 
be found in the Quarterly Journal of Mathematics, Vol. 37 (1905), page 158 (later 
corrected on page 373). For values of z for which arg z = o + 0 the theorem 
is not altogether consistent with the results of BarNrs in the Philosophical 
Transactions, Vol. 199A (1902), page 470, since an equivalent to the first of the 
forms above is there assigned to F(z) for all values of z such that 9 + 0 (|z| 
sufficiently large). It is to be observed that both Barnes and Harpy take for 
discussion the function F(— z) instead of the F(z) employed above. 

25. In the discussion of the function F(z) of § 24 we have thus far supposed 
p<p<p+1 where p is any integer=1. The corresponding results for 
cases in which 0 < p < 1 may now be readily supplied, it being understood 
that F(z) assumes the first of the forms given at the beginning of § 24. 

Proceeding as in § 24, we obtain equation (27) as before except that the 
third term in square brackets is lacking. Whence, equation (32) continues 
except that the terms involving the function ¢ are absent, while instead of (33) 


we have 
S@ = limo 1 = af ae |. 
z=00 FT PS 


Thus it appears at once that the theorem of § 24 holds true when 0 < p< 1 
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P p \ 3” 
Pas () = 
, . v=1 p v 
there appearing be then omitted. 

26. We proceed to consider the remaining cases —viz., those in which p = p = 
an integer. The function F(z) is then defined by the second of the forms appearing 
at the beginning of § 24. 

Equations (27) and (30) are now obtained as before, but instead of (31) we 
write 


vo3(S) -EE5(S) +22 (S) 


v gal 
= -> (ov) = + Ds BOONE ee ge an AC: 


221 P(1 — ov)x 


provided that the term 


Moreover, the last sum here appearing is evidently of the form 
e+ log «+ @2(x); lim @2(x) = 0 


where ¢ represents Euler’s constant. 
Instead of (32) we thus obtain in the present case 


H(z) = — Slog 2x — } log (1 — 2) — 9.0) + Lf) = 


(62) fw) 
+ coz? + S(z) — Sc) w 
where 
S(z) = tim| «+ (x — 3) log (1 -=)+ o2” log x 
(63) os 


— 2 dw 
as 2, v1 — ova?" -o | = — -| : 
The last term of (62) may now be evaluated as before, leading to equations 


(37) and (38) in the latter of which A(z) is defined as before while B(z) is now 
defined by the relation 


1 
(64) Biz) = exp | (ov) = Os coz? + S(z) — 0,(1) — $ log (1 _ t- 
In order to study the functional properties of the present function S(z) we 
first note that 
@—Hlog(1-F)=-Lerat Hs — lim a(e) = 0, 


p—l 3’ pal Pid 


=) a+ Dearne 


ae — ova See 
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also that instead of (41) we may now write 


dw a 2” 


wr — am pt (1- — — ov)w 
Whence, 
oO g” Dak g” dw 
os E ce js ePTL) | pee eee 
S() = lim E > yer’ sna) 2 ear ei re 7) | 


, it dw 
= A Ge ea pt+l ee 
Aer ie ices | 


Upon expanding [w(w” — z)}"! in ascending powers of 1/z, supposing for the 
moment that |z|< 1, we obtain 


——— + 2? log w + 271 i) 


we — 2)" 


(65) 


dw gt 
pea! ee Ss = = 
z Los ay pzP Dds pz” log (1 — 2) 
= pirz? + pz? log (z — 1). 
Whence, under the present hypotheses relation (55) becomes replaced by 


p—-l v 
SG) = es — o2? + riz? + 2? log (z — 1) 
v=0 


or, since 


1 = 1 
Plog s+ 2 log(1 2) = 2? log 2 — Daa 


v=0 


2? log (z — 1) 


p—l 3’ co) 1 
= g?] — SoS ae ees. 8 
Ploge— 2 hoeoe lela 


we may write when |z|> 1 


(66) Si) =—- aS wiz? + 2? log z+ r(z), 


where r(z) is an expression developable asymptotically in the form (56). 

The form (66) for S(z) is then that which corresponds in the present case 
to (55) —4. e., it holds for values of z confined to any region 7 sufficiently remote 
from the origin throughout which real part 2? > 1, imag part 2? <0. The 
corresponding form for regions 7; in which real part 2? > 1, imag part 2? > 0 is 
obtained (cf. (44), (45)) by adding 2mzz? to the right member of (66). Thus, 
instead of (57) we reach in the present case 


(67) F(z) ~ ee exp| orien + Do¢(2 )E+ +2 -1) +e loge], 


where 0 = 0 or @ = 1 according as z is confined to 7; or 7». 
Upon observing that when imag part z? > 0 the function exp 7iz? is develop- 
able asymptotically in the form (56) with a) = a; = a, = --+ = 0, it appears 
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that (58) becomes replaced in the present case by 
ieee p| ot (2 )E+ += (= 1) +2 loge |. 
N22? 


This relation holds true, then, whenever real part 2? > 1. In case real part 
2” < 1 the equations corresponding to (59) and (60) become respectively 


H(z). = — 5, le 2r — 5° log (— 2)? — }log(1 -*)- Q,(1) + iz? 
eS of v\2 , 3? 
+5r(7)5+26- 1) + 2? log z+ r(z), 


1@) ~ ger exp | LF (7 )E+2 1) + Plog (2) |. 


Finally, in case 2? is real and positive, 2. e., in case yg has one of the arguments 


we find by reasoning analogous to that at the close of § 24 that S(z) will be given 
by (66) and hence we shall have (67) in which 6 = 0. 

In summary we arrive then at the following 

THEOREM II.?? Given the typical integral function F(z) defined in Theorem I 
together with the assumption, that p = the integer p. 

For values of 2 of large modulus lying within sectors of the type 


4k + 3 4k +1 ees 
2p = 2p a —i 27 <9 < 0: gy = arg2 


we shall then have 


FQ) ~ ye pf s(2)24+2@-y+2rbog(- 2) | 


¢ being the symbol for the Riemann ¢ function, and ¢ representing Euler’s constant, 
while for values of z of large modulus lying within sectors of the type 


4k +1 4ig— 1 k = 0, 1, 2,3, --> 
QW EIS a Fes = 25 <0 50; gy = arg2 


we shall have 


F(z) fe | =r (Z)z+2e- 1) + 2 log 2 |. 
Vz? l if L 


22 Cf, Marrson (l.c.), pp. 15-17. 
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27. It will be observed that the integral function F(z) considered in $$ 24-26 
is of order > 0. Barnes” has also considered the corresponding problem for 
certain type functions whose order is equal to zero, but we shall confine ourselves 
to the case treated above. 


Asymprotic DEVELOPMENTS OF FuNcCTIONS DEFINED BY POWER SERIES 


28. The results thus far indicated in the present chapter are but indirectly 
applicable to the determination of asymptotic developments for functions 
defined by power series. This subject, however, is one of evident importance. 
We shall now point out a general theorem in this field, resulting from the lemma 
of § 24. 

TuroreM III. [f the coefficient g(n) of the power serves 


(68) > g(n)z"; r = radius of convergence > 0, 
n=0 


may be considered as a function g(w) of the complex variable w = x + wy and as 
such satisfies the following conditions: (a) is single valued and analytic throughout 
the finite w plane except for a finite number of singularities situated at the points 
W = Wi, We, +++, Wp, none of which coincide with one of the points w = 0, 1, 2,3, ---, 
and (b) as such that to an arbitrarily small positive constant € there corresponds a 
positive constant K (independent of x and y) such that f 


pee Sere 


g(x) 
for all values (real) of x and for all positive values of y sufficiently large, then the 


function f(z) defined by (68) (|2|< r) will be such that for all values of z lying in 
any sector (center at z = 0) that does not include the positive real axis we may write 


SoD ieee) 
(69) LS) oi 2 or ae aa a an ee 
where tm represents the residue of the function 
(70) ™g(w)(— 2)” 
sin 3w 


at the point w = Wm. 

In order to prove this theorem we observe that for all values of z except those 
real and positive we may at once apply the lemma of § 24 with a taken as an 
arbitrarily large negative integer: a = — J, and write 


(71) Layer =D ove" +40) = — Lm tale, 


28 See Philosophical Trans., Vol. 199A (1902), pp. 466-468. 
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where €;(z) vanishes to as high an order as the (J + 4)th when |z|= 0. Whence 
follows the indicated result. 
For example, let us consider the function 


(72) f(z). = 2d — = * p + integer < 0. 


Here we may take 


and the residue of (70) at the pole w = p is readily found to be 


m(— 8)? 
Vy hae! eee — 25 
sin 7p 
Whence, throughout any sector such as indicated in the above theorem we 
shall have 
7 Get 1 aoe s) 
he Ha) snmp (p+1)z (0 +2) 


This result ceases to hold when p = a negative integer since the expression 
then has a pole of the second order at w = p. Such cases may, however, be 
treated by the same theorem. Thus, in particular, when p = — 1 we obtain 
directly 

log (= 2) 
Se 
—2 


and hence, instead of (73) 
log (— 2) 1 ! 1 


(74) fe ~B n 
This result may be verified by noting that when p = — 1 the equation (71) 
gives 
log (1— 2) 
J@) = ee 


while the power series appearing in (74) converges when |z|> 1 to the value 
4 log (1 — 1/z) so that (74) gives the same form for f(z). 

29. Generalizations of Theorem III.—If for a given series (68) the function 
g(w) is not single valued throughout the w plane, but contains q¢ branch points 
w = 70, 2, +++, Wq, conditions (a) and (b) remaining otherwise the same, the 
theorem continues true provided that, after rendering g(w) single valued by 
means of g cuts extending vertically downwards” to infinity from the points 


24 Since the series here appearing is convergent for |z| > 1 the symbol ~ may be changed 


to =. 
25 More generally, in any direction tending to infinity in the right half of the plane or vertically 
upwards or downwards. 
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W = Wn; (m = 1, 2, «++, g) respectively, we subtract from the second member of 
(69) the expression 


qd 
PB KOs 
m=1 
where @m represents the loop integral (assumed to exist) of 


1 g(w)(— 2)” 
2. «sin rw 


taken in the positive sense from the point w = ®» — i to the same point after 
surrounding the (one) branch point w= Wm. This result, in fact, appears 
directly upon reference to the demonstration of the theorem. 
We note that in case the point w = # coincides with a point of the type 
W = Wm mentioned in the theorem, the corresponding value of rm is to be neglected, 
the term a, then being evidently the only one of the two to be retained. 
A particular type of function f(z) to which Theorem III and these supple- 
mentary remarks apply is the following, discussed by BARNES: 
2 2"x(n + 8) = constant + 0 or neg. integer, 
fa (25 6) = xX (n + 6)8 } 6B = constant, 
where x(1/z) is regular at the origin. Besides this, BARNES considers the corre- 
sponding problem for certain special types of functions for which condition (b) 
of Theorem III is not fulfilled. Of these latter may be especially mentioned 
the function 
. PS 6 = constant + 0 or neg. integer, 
I LG + 6)*T(n +1)’ 6 = constant, 


for which it is stated” that for all values of z of large modulus we may write 
a, a 
Fg(2; 8) ~ gg(z, 0) + e728 | 20+ aa |, 


where ¢,(z; @) represents the loop integral of the function 


= othe 3) 

2ri (s + 6)8 
taken over the path in the s plane extending from the point s = — © + imag 
part (— 6) to the point s = — @ and return.” The values of ao, a1, do, «++, are 


also given. 
This function F,(z; @) typifies an important class of functions, viz., those 
which for an appropriate value of arg z become infinite like e’z" (k = const.) 
6 Philosophical Transactions, Vol. 206A (1906), pp. 257, 272, 282. 
UID Oop5 35 PARIY 
*8 BARNES examines in further detail the properties of this loop integral, expressing it in the 


form of a series in his final result (p. 265). Cf. also Quarterly Journ. of Math., Vol. 37 (1906), p. 
89 et seq; also zbid., Vol. 38, p. 116 et seq. 
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when |z| is large. In this connection the following more general statement 
seems probable,” though a rigorous proof of it cannot be supplied by the author 
at present. 

“Tf the function g(m) appearing in the coefficients of the power series 


+ g(n) ne 
f@) = Laat? 


may be considered as a function g(w) of the complex variable w = x + zy and 
as such satisfies the following two conditions (a) is single valued and analytic 
throughout the finite w plane except for a finite number of singularities situated 
at the points w = wy, we, +++, Wp (none of which, however, coincide with one 
of the points w = 0, 1, 2, 3, ---) and (0) is such that there exists a constant 
(real or complex) 8 for which the function 


G0) = rq ag a) 
is developable in the form 
by be 
Ease otat wEDw FEED wt Hw Het Dw TOFD 
a ‘ ba + ele) 
TGF Bw + B+ 1) + WH BH a)’ 
where 
hi 5 = 1)\o tes oS = mae : 
gues ¢ (w) = 0; 9 =a W=5 


then, for all values of z of large modulus we may write 
P b, , b 
fia 2ytet| bo + E+ + |, 
m=1 
in which r,, represents the residue of the function 
™g(w)(— 2)” 
T'(w + 1) sin rw 


at the point w = wm and in which the coefficients bo, bi, be, --+, are determined 
from (75).’2° 
29 From considerations ess upon the relation 
ee 
T(w +k) sin rw = 


— I(— w)g(w)(— 2)” 


1 
(2): k = constant = 1, 


(;) = polynomial ne 
P Zz = poy zg? 
where the indicated integration takes place in any closed (infinite) contour embracing the points 
ty) Sy i ee Cok 

30 No mention has been made in the present Chapter of a class of power series whose asymp- 
totic forms have been studied by Diznzs and Vaurron. For a concise statement of their results 
see Theorems I and II in VALrron’s paper, “Sur le calcul approché de certaines fonctions entiéres,”’ 
Bull. de la Soc. Math. de France, Vol. 42 (1914), pp. 252-264. 


CHAPTER III 
THE ASYMPTOTIC SOLUTIONS OF LINEAR DIFFERENTIAL EQUATIONS 


30. The oldest and most fully developed aspect of the theory of asymptotic 
series concerns the so-called “ asymptotic solutions ”’ of linear differential equa- 
tions. In the present chapter we shall undertake to give a summary of the 
principal results (without proofs) that have been obtained in this field, with 
indications as to certain noteworthy questions still remaining unanswered. 
Corresponding results and questions for linear difference equations will also be 


briefly considered. 
Real Variable 


31. Confining the attention at first to the case in which the independent 
variable x is real and positive, the investigations referred to may be said to 
cluster about the homogeneous linear differential equation 


(1) yb ayy) 1 Ona) y Yea a 


wherein the coefficients a1, de, +--+, Gd, are assumed to be developable for large 
positive values of x either in convergent or asymptotic series of the form 


Corp tty ...|, r=1,2,->°,n. 


x x 


Ge) ~ a E ot 


k being zero or some positive integer.! In this equation the point t = © is 
in general a so-called “ irregular point ’” so that the usual “ normal solutions ” 
about the point a = ©, as provided by the well-known theories of Fucus, 
come to involve power series in 1/x that are divergent for all values of 2.2 Never- 
theless, the same solutions continue to satisfy the equation formally* and it 
can be shown that they represent asymptotically, in the precise sense of § 13, 
certain actual solutions. In fact, we may begin by citing the following note- 
worthy theorem first established rigorously by Horn: 

“Tf for the equation (1) the roots my, me, +++, mn of the characteristic equa- 
tion —1. ¢., the algebraic equation 

1 The integer k + 1 is termed the rank of (1) at x = ~. See for example Horn, ‘‘Gewoéhn- 
liche Differentialgleichungen belieber Ordnung” (Leipzig, Géschen, 1905), p. 187. 

2 For an exposition of the definitions and basal theorems in the theory of linear differential 
equations, one may consult Picarp’s “Traité d’Analyse’’ (1896), Vol. 8, Chap. 11. 

sf, PICARD, |. c., § 22: 

a’ Cin PICARD acer sizos 

5 Cf. Acta Math., Vol. 24 (1901), p. 289. 
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(2) m® + a1, 0m” + +++ + ano = 0, 


are distinct from one another, equation (1) possesses n linearly independent 
solutions 41, Y2, **+, Yn valid for large positive values of 2 which are developable 
asymptotically in the forms 


(2’) care Oe SRO eras tee ahs 
j=0 & 

where f,(@) is a polynomial of degree k + 1 in a, the coefficient of whose highest 
power in 2 is m,/(k + 1), while p, and A,, ; are constants® with A,,9 = 1.77 

If in this theorem the restriction be removed that the roots of the charac- 
teristic equation be distinct —%. e., if multiple roots be present —the theorem 
fails and we at once encounter a problem for which no general solution has as 
yet been obtained. However, Lover’ has recently made a noteworthy advance 
in this direction, his theorem (which manifestly contains the above as a special 
case) being as follows: 

If, other conditions remaining as stated above, “‘ the characteristic equation 
has / roots my, me, +++, mz, occurring respectively ni, nz, +++, ny times (ny + ne 


+ --+-+ m = n) and such that no multiple root of the characteristic equation 
is also a root of the equation 
(3) Q1,1m” + ae,1m™ > + +--+ + Gr,i = 0, 


then the equation (1) possesses a fundamental system of solutions y;,_ (r = 1, 2, 
---,1;q = 1, 2, ---, n-) developable asymptotically in the form 


N,-—1 ~ A oe 
eg ef a oe aor, gm ys ee x 
: i=0 fun oh! 


where f,;, ,(«) is a certain polynomial of degree n,(k + 1) in x””*, the quantities 
Pr,q and A,, 9, i,; are determinate constants, and A,,¢,0,0 = 1.” 

Love has furthermore considered in detail? the equations (1) of the second 
and third orders, including the cases in which (8) is satisfied by a multiple root, 


6 The precise values of the coefficients of f,(~) and of the constants p,, A,,; may be deter- 
mined by the method of undetermined coefficients after substituting y, in (1). A similar remark 
should be understood with reference to the f,,(), pr,q, etc., that follow. 

7 Historically, the first form of equation (1) to be studied in this connection was that taken 
by Poincar in which a, de, ---, d, are rational fractions, thus possessing no other singularities 
than poles atz = «©. See Acta Math., Vol. 8 (1886), pp. 295-344. 

8 Cf. Annals of Math., Vol. 15 (1914), p. 155. 

9 Love does not use, at least directly, the method common to the greater part of Horn’s 
work, viz., that of successive approximations, though the latter could doubtless be employed to 
the same ends. His method rests rather upon certain general studies of Drnt to be found in Vol. 2 
(1898) of the Annali di Mat., pp. 297-324, wherein the equation (1) of the nth order is first con- 
verted into a VoLTERRA integral equation of the second kind containing n arbitrary functions, 
termed “auxiliary functions,’”’ and the latter (equation) solved by the usual process of iteration, 
thus yielding forms of solution for the original equation (1). Through the arbitrariness existing 
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and has arrived at complete results for these orders.1° Thus, for n = 2 we 
have the following: 
“Tn the differential equation 


y”’ + b(x)y = 0 


suppose that b(2) is a real or complex function developable asymptotically for 
large real positive values of x in the form 


ba) ~a%| bot B+], 


where & is 0 or a positive integer. Then, for the same values of x equation 
possesses two linearly independent solutions y1, y2 such that (a) if bo + 0, 4. @., 
if the roots m1, mz of the characteristic equation m? + by = 0 are distinct, we 
may write 


em one + St |, r= 1,2, 


where 
eee eee ere 


Bae naresy <r a Sr gal ot to gel oe Fe 


(b) if bp = 0, b1 = O we may write 
A,, 1 


uv 


Yr rae ef Meer E + 


where 


B, 
+ + (Brot aaa |, r=1,2, 


x 


Cr, —op—eett Or, —2 ved 


fila) = k+i =} 3 ep y ; 


(c) if k = bo = b; = 0 we may write in general 


A, 
wera [rtp ee], aa 


(d) but if pe = pi or, in general, if pp — pi is a positive integer we have” 


in the choice of these auxiliary functions, the resulting solutions, though frequently complicated, 
are of great flexibility and it thus becomes possible to adapt them to a wide variety of investi- 
gations, as Dini himself has abundantly shown in a series of papers in the Annali di Mat. extending 
over the years 1898-1910. In the case of studies such as are being considered in the present chap- 
ter, the method readily provides actual solutions that are valid for large (positive) values of x 
and thus the problem becomes merely that of showing that the auxiliary functions may be chosen 
in particular in such a way that these solutions are developable asymptotically in the sense of § 13. 

10 Cf. Am. Journ. of Math., Vol. 34 (1914), pp. 165-166. 

41 For the sake of completeness the case of unequal roots, though covered by the above 
mentioned theorems, is included in the statement. 

2 Tt will be observed that (6), (c) and (d) relate to the cases in which m = m. If in (c) 
or (d) the series for b(a) converges for all |x| > R then x = © is a “regular point ”’ of the differ- 
ential equation and hence in the results for y: and yz the sign « may be changed to =; |x| > R. 
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A 
nw arf ++ |, 
xv 
Ao, 1 4 
me ~yrlog e+ a”| doo 284+ |. 


The complete result for the equation of the third order is as follows: 
“Tn the differential equation 


y+ b(x)y’ + e(x)y = 0 


suppose that b(x) and c(x) are real or complex functions developable asymp- 
totically when z is large and positive in the forms 


be) ~ a8] bo AB |, 


e(a) ~ at | oo +24 -- |, 


where & is 0 or a positive integer, and suppose that b’(7) also has an asymptotic 

development. Then for the same values of 2 the given equation has three linearly 

independent solutions y1, y2, y3 possessing asymptotic developments as follows: 
(a) If the roots m1, me, mz of the characteristic equation 


m+ bom + co = 0 


are distinct, we may write 
A, 
ym een 1 Ae |, r= 1, 2,2, 
where 


Or, _ na 


k-H 
fr(z) San i + +++ + a,,-12. 


(b) If m, + m2 = m3 we may write in general 


A 
ym ofr | 1+ Epa], 


Xv 
1 Br )| 
elon Gy. > ee oe 
=( Oa eters a 


where fi(x) has the same form as in (a) and 


Ay, 1 


Yr re ef DapPr [1 aa 


bh 
mye) ary 9p shh 


Or, coe Or, 10? , 


ia k na on ab 5) r= 2,3. 
2 


(c) But if in (b) ps = pe, or in general if ps — pz is a positive integer, we have 
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A,, 
ww otra 1+ Set | r= 1, 2, 
f2(z) As, 
Ys ~ Y2 log & + ea" Ag GT eer aoa a 
where fi(a) and f2(x) have the same form as in (a). 


(d) If my = m2 = mz and either c, +0 or db, = ce, = 0, G2 +0 we may 
write 


A 1 By: 
ye ~ ota | + SEE + E(B ot mip.) 
1: GC. 
+3(6,0+ mip...) r= 1, 2,3, 
where F as : 
Myre Ar, —3k—-20 * * Or ,—3k—-10 Ar, 10% 


(e) If c, = 0, bi + 0, y1, yx, y3 have expansions of the same form as in (0b). 
(f) Ifk = b; = c1 = cp = O we may write 


A 
yi ~ae| 1+ Ha |, 


x 


B A 9913 
Ys ~ By; log? 2 + at log 2| Bs, 0 + 244+ [ar | doo + |. 


While the complete results for the equation (1) of order n 2 4 have not as 
yet been obtained, a careful examination of those just given for n = 2, 3 throws 
light upon what the corresponding forms may be expected to be. Moreover, 
in connection with this question the following result should be noted:!4 

“ Let 7(2) be one of the system of functions 


ne, Dee 
(3) ay? -ellop a) -gilor alos log ae ; 
and put 


(vy > 0) 


T1(x) = r(e)de. 


18 Tt will be observed that (b) and (c) refer to the case mi + m2 = ms while (d), (e) and (f) 
refer to the case m = m2 = ms. If in (f) the series for b(x) and c(x) converge for all |x| > R 
then z = © is a regular point of the differential equation and hence in the results for y1, y2 and ys 
the © may be changed to =; |z| > R. 

44 Obtained by Drnz for the case in which the roots of the characteristic equation all have the 
same real part, and partially obtained.by him when this restriction is removed (Annali di Mat., 
Vol. 3 (1899), p. 186. The result has recently been established in its entirety by Love in the 
American Journal of Mathematics. 
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Suppose now that in the differential equation 
(4) y™ + [ar + an(z) ly + [a2 + a2(x) ly + +++ + [an + ony)ly = 0 


the functions ay(a), a2(x), +++, a(x) together with their 2n — 1 derivatives are 
continuous when 2 is sufficiently large, and suppose that the characteristic 
equation 


(5) ut ay + +++ fay = 0 

has 1 different roots 1, We, +++, wr occurring 71, M2, +++, mn, times respectively 

(m1 + m2 + +++ + nz; = n) and let n’ be the largest of the numbers 11, mo, «++, m2. 
If one of the functions 7(z) exists such that for sufficiently large values of x 


(6) lox (2) |= ee (ee i; 2, imasatles Shea 0, i, ee 2n — 1; 


gon!—2 ; 
then for the same values of x the equation (4) has n linearly independent solu- 
tions y;, .(@) expressible in the form 


Yi, w(x) = vPte*"[1 + €;, (x) ]; p= Le b= 1,2, “ory We 


where €;, .(z) vanishes at infinity to at least as high an order as that of 71(z), 
while further 

yse(a) = xP te [ut + E3,n,0(@)]; 8s = 1, 2,.-°:,0, 
where lim ¢ = 0.” 


It is to be observed that for the special case r(x) = 1/2? this result relates 
to an equation of the form (1) (wherein & = 0), and furnishes the “ dominant 
terms” of developments for the corresponding solutions y;, x(a). Doubtless 
by a sufficiently critical examination of the form of e;,,(x), these developments 
could be identified with asymptotic developments in the precise sense of § 13. 
For the type of equation considered, the result is seen to be in every sense general 
so far as the possibility of multiple roots in (5) is concerned, except for the 
restrictions (6). These latter when interpreted with reference to (1) mean that 


(7) Or, 2 = 0; (aad OTE eo Om 1 8 = a2, Sysco al 


and hence come to impose unfortunate restrictions. However, the result is of 
decided value in showing that all further studies upon the problem in hand 
may be limited to those cases (assuming multiple roots present in (2)) wherein 
(7) are not satisfied. 
Complex Variable 

32. Passing to the corresponding studies upon (1) when the independent 
variable a is allowed to take on complex values, the existence, form and range 
of the asymptotic solutions have been completely discussed by BrrkHorr in 
case the coefficients a,(x) (r = 1, 2, ---, m) are developable in convergent series 


70 Asymptotic SOLUTIONS OF DIFFERENTIAL EQUATIONS 


(|x| > R = constant sufficiently large) and under the assumption that the 
roots of the characteristic equation (2) are distinct.® Corresponding results 
when multiple roots are present in (2) do not appear to have been thus far ob- 
tained. 

BrrKHOFY’S essential result may be summarized as follows: 

“ Representing by m1, ms, +++, mn the n (distinct) roots of (2), let there be 
drawn from the origin (¢ = 0) the N = n(n—1)(k+1) rays (“critical ” 
rays) determined by the equation 


real part of [((ms — m)x*™] = 0; st. 


Let the angles which these rays make with the positive real axis in the order 
of their increasing magnitude be denoted by 71, 72, ++, Tw and place ty41 = 71 
+ 2n. 

Then, corresponding to the sector tm = arg x < Tm41 there exists a set of 
fundamental solutions y, (r = 1, 2, ---, m) of (1) developable asymptotically 
in the forms (2)’ where f,(x), p, and A,,; continue to have the meanings there 
indicated. 

The set of solutions satisfying (2)’ in the sector (tm, Tm41) differs at most 
by one solution from the set satisfying (2)’ in the adjacent sector (7m41, Tmt2).” 


Linear Difference Equations 
33. If instead of (1) we take for consideration the linear difference equation 
(8) ya@t+ h) + a@e)y@ + h — 1) + ac(x)y(@ + h — 2) + +--+ an(x)y(x) = 0 


wherein the coefficients ai, a2, +++, G, are assumed to be developable for large 
positive values of x either in convergent series or asymptotically in the forms 


Ar, 1 Ar, 2 
ae Sto]; r=1,2,---,n, 


ie 
x wv 


(8)’ FO G2 ara ad | a + 


6 Trans. Am. Math. Soc., Vol. 10 (1909), pp. 463-468. Brirxxorr considers, instead of (1), 
the system of m ordinary linear equations of the first order: 


dyi uv ; 
4) a Be @=1,2, 49), 


in which for |z| > R we have 
OF (x) = Ajj24 + Qe jar tieee H aijg@ +. ajo) : tse. Ca 


the characteristic equation then becoming 


1, 2, Be 


las; — dsja| = 0; 63; =0 if +9; 63; =1 if t=J. 

The equation (1) may be transformed into a system of the form (A) by placing y = xy, 
Yy2 = ceDky', «++, yy = xky) in which case we find g =k. Thus, whatever applies to (A) 
applies to (1) as a special case with gq = k. 

The important case in which the coefficients a,(x) of (1) are rational polynomials was dis- 
cussed in a series of earlier papers by Horn whose results are summarized by VAN VLECK in the 
Boston Colloquium Lectures (1905), pp. 85-92. 

6 For the precise nature of this dependence, see Brrxuorr, l. c., p. 468. 
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k being zero or a positive integer, we have, corresponding to the first result cited 
in $ 31, the following: 
“Tf the roots m1, m2, +++, my of the characteristic equation 


(9) m” + ay,om" + +--+ + dao = 0 


are distinct and no one of them equal to zero, equation (8) possesses n linearly 
independent solutions y1, y2, +++, Yn valid for large positive values of a which are 
developable asymptotically in the forms 
(9)! ye ~ et Dime As 1 oye, 
where A,.9 = 1.27 

In case (9) has multiple roots, or a zero root (dn,o = 0) the principal results 
thus far obtained appear to be those of NértuND who employs asymptotic 
“faculty series ’’ and allows the independent variable x to range over complex 
as well as real values. Using his notation and including for the sake of complete- 
ness the case of distinct roots, his results are as follows:!8 

“Given the linear difference equation 


k 
(10) D P.(x)u(a — 1) = 0, 
4=0 
where the coefficients are faculty series of the form 
Pace cx 
oO ere et.) 
(11) 
AO) 


Da -= 0,1, 2, *-",& 
+@tDetDe@+s 

all of which converge throughout the right half of the x plane.’ Suppose first 
that the roots a1, de, a3, +--+, a; of the characteristic equation 


(12) C92? + eg MFI + --- +e =0; eo $0, co +0 


are distinct. Then there exist & solutions w1, wu, +++, %% of (10) such that through- 
out the sector — (a/2) + € < arga < (/2) — e€ (e arbitrarily small and > 0) 
we have 


(13) u ae 


bs oo CPT mi pj 1) g;(x), 


where p; is a constant and ¢;(z) a faculty series of the form indicated in (11). 


17 Cf, Horn, Journ. fiir Math., Vol. 138 (1910), p. 159. 

18 “ Kongelige Danske Videnskabernes Selskabs Skrifter’’ (Mém. de l’Acad. Roy. des Sciences 
et des Lettres de Denmark), Vol. 6 (1911), pp. 317-318. It would appear that the proofs of the 
results here stated have not as yet been published except in part. 

19 A very broad class of series of the form (11) have this property. See for example NieLson , 
“Handbuch der Theorie der Gammafunction,” Leipzig (Teubner), 1906, § 96. 
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In case (12) has multiple roots and a;* is an n-fold root, NOrLUND distinguishes 
two cases: 
(1) a; is at the same time an (n — p)-fold root of the equations 


k 
Lota = ; {oi us 2, Spey AU ee iy 
s=0 


(2) These conditions are not fulfilled. 

In (2) no asymptotic development exists of the form (13). 

In (1) there exist m linearly independent solutions u,(~); s = 1, 2, +--+, ” 
such that when — (7/2) + ¢€ < arg x < (1/2) — € we have 

Us ~ A;7®, (2); $= 152, 0) eye, 
where 
r@ + 1) T@ + 1) 
$.0) = oO egg Dt MO Sp, Ma aD 


+. 


om = -T(a+1) 
MO eee + 1)’ 


the expressions 0, ¢1, -*+, Gn being developments of the form (11). 
If some of the roots of (12) are zero or infinite, it is necessary in order to obtain 
a system of fundamental solutions to use a series of substitutions of the form 


ula) = [P@)u*(@) = P*(@)u*?(e) 


and determine p, so that the difference equation in u“” (x) shall have a charac- 
teristic equation containing at least one root which is finite and different from 
zero. It is always possible to determine in but one way a series of numbers 
M1, M2) ***, Mm Such that the total number of roots which are finite and different 
from zero in the corresponding characteristic equations thus obtained is exactly 
the order k of (10).2° If, whenever a multiple root occurs in one of these charac- 
teristic equations, the corresponding conditions under (1) are satisfied, then 
there exists a system of fundamental solutions of (10) each of which is asymp- 
totically represented within the sector — (1/2) + € < arg < (7/2) — € by a 
series of the form 
I“"(x)a;7®,(a). 

Exceptions occur, however, when some of the numbers yu, are not integers, since 
the coefficients in the above-mentioned difference equations are then no longer 
developable in faculty series of the form (11). For example, suppose mu, = a 
rational fraction p/g. We may then put 2 = pz, u(x) = o(z) and derive from 
(10) a difference equation for v(z), thus demonstrating the existence of solutions 
expressible asymptotically in the forms 


re (2) amo, (2). 
Pp P 


20 NOrtuND, Acta Math., Vol. 34 (1911), p. 16. 
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Important studies of (8) when zx is complex and under the assumption that 
the roots of (9) are different from zero and distinct and that the coefficients 
a,(x) are rational fractions developable in the forms (8)’ (wherein the series would 
then converge for all |x| sufficiently large), have been made also by Gatprun 
and by Brrxuorr,” with the essential result that there exists a system of funda- 
mental solutions G(x) = y1, yo, ys, ***; Yn developable asymptotically in the 
respective forms (9)’ throughout the right half of the x plane, and at the same 
time there exists a second system H(x) = yi, yo, **+, Yn of fundamental solutions 
developable likewise in the forms (9)’ but throughout the left half of the plane. 
Moreover, the elements of the system G(x) when considered in the left half 
plane possess asymptotic developments other than (9)’ whose forms change as 
arg x passes through any one of certain radial directions (“secondary critical 
rays ’’) lying in the second and third quadrants,” while similarly the elements 
of H(x) when considered in the right half plane are developable asymptotically 
in forms differing from (9)’ and changing as arg 2 passes through certain radial 
directions situated in the first and fourth quadrants. 

Returning again to the case in which 2 is regarded as real and positive and 
assuming further that it is confined to integral values, we have, corresponding to 
the last result stated in § 31, the following:?4 

“Let r(x) be one of the system of functions (8)’ and put 


~o 


71(z) = ae Tits). 


%4=e+1 


Suppose now there is given a difference equation 
[ao + aoe )ly@ +n) + l[auta@y@tn—1)+-::- 
+ [an + n(x) lye) = 0, 


(14) 
whose characteristic equation 
Col ait ds, = 0 


has I different roots 1, M2, ***, Mn OCCUrring m1, Ne, +++, m, times respectively 
(ny + mo + +++ + 1, = n) and let n’ be the largest of the numbers 11, nz, ---, 27. 


21 Acta Math., Vol. 36 (1913), pp. 1-68; also Compt. Rend., Vol. 148 (1909), pp. 905-907. 

2 Trans. Am. Math. Soc., Vol. 12 (1911), pp. 243-284. As in his studies on linear differential 
equations (cf. footnote, p. —), BirKHorr considers a system of linear difference equations of the 
first order. In order to identify the forms (9)’ with those occurring in his results, it suffices to 
observe that 


P@ +1) © wee (@tl+ St), 


See for example Horn, Math. Annalen, Vol. 53 (1900), p. 191. 

23 For the precise statement, see BrrKHoFF, l. c., p. 277-278. See also p. 279, lines 1-7. 

2 Cf, Love in Am. Journ. Math. Obtained earlier by Forp in case all roots of the charac- 
teristic equation have the same modulus (Annali di Mat., Vol. 13 (1907), p. 328). 
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If a function r(x) exists such that for sufficiently large values of x 


| oer(2a) | S anr=a3 ¢ = 0,1, 2; +--+, 0, 


then for the same values of x the equation (14) has n linearly independent solu- 
tions y;, .(@) expressible asymptotically in the forms 


Yi, x (2) eA eid ae ei, B(x) ]5 t= 1, Pap Sue ay i k= 1; 2, sey Nis 
where e;, ; vanishes at infinity to at least as high an order as that of 71(z).” 


Summary 


34. A comparison of the results noted in §§ 30-33 would indicate that the 
study of the asymptotic solutions of either the differential equation (1) or the 
difference equation (8) is already in a fairly satisfactory state provided the 
assumption be made throughout that the roots of the characteristic equation 
are distinct, but much remains to be done in those cases where multiple roots 
are present. In fact, it is only for the equation (1) of the special orders n = 2 
or n = 3 that we find what could be described as a complete discussion, and 
even this has thus far been carried out only for the real variable x. 


CHAPTER IV 
ELEMENTARY STUDIES ON THE SUMMABILITY OF SERIES 
35. Introduciton.—The divergent series 
(1) 1—1+1-1+1-1+.--:- 


was regarded by EvLrEr! as having the sum } on the ground that the expression 
1/(1 + 2) gives rise by division to the series 


(2) 1—a+a?—2+at—ai+..-, 
so that in particular (placing z = 1) one must have 
(3) S=1-1+1-1+1-1+4+::-. 


In general, the “sum” of a series (convergent or divergent) was taken to be the 
number most naturally associated with it from the standpoint of mathematical 
operations. This conception, however, naturally led to inconsistency. Thus, 
by developing the expression (1 — x")/(1 — a”) into the form 


(4) La? eS eg es, 


and noting the result when x = 1 we obtain for the series (1) the sum n/m instead 
of 3. 

The notion of sum as thus loosely conceived was eventually replaced by the 
exact definition of ABEL and Caucuy according to which the sum of any series 


(5) Qo + A1 + G2 + ag + -°- 
is taken to mean the limit 
(6) s = lim (a + a1 + 2+ +++ + Gn). 


Series for which this limit exists were termed convergent, all others divergent. 

Of the two classes of series thus arising, the former occupied almost exclusively 
the attention of the immediate successors of ABEL and Caucny and to such an 
extent that all divergent series came to be regarded as of questionable value and 
indeed of doubtful significance. It is a noteworthy fact, however, that ABEL 
and Caucuy themselves never ceased to regard divergent series with much 
interest and with the belief that such series should by no means be banished from 
analysis for the mere reason that they fell outside the pale of the particular 

1¥or a more extended historical account, see Boren, “Legons sur les Séries Divergentes”’ 


(Paris, 1901), Introduction. 
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definition (6). Each felt on the other hand that the subject presented a rich 
field for further research. 

Only since the time of Werrersrrass has the question thus arising —vz2., 
whether any numerical significance can properly be attached to a divergent series 
—been scientifically attacked and in large measure answered. The avenue of 
approach has been chiefly through the so-called boundary-value (Grenzwert) 
problem in the theory of analytic functions.2. Thus, Fropentus* showed in the 
first place that if 


(7) 5 Age” 


be any power series having a radius of convergence equal to 1, then 


. < . = 80 1 82 ee en 
8 ] Pe | : 
e gre 
where Ss, = A+ d1+ a+ -+:+-+a,. This was shown to be true, at least, 


whenever the limit indicated on the right exists. Now, the first member of (8) 
is naturally associated with the series (in general divergent) 


(9) pe, oo 
so that it becomes natural to associate with the latter the sum 


Dar hos ise Gans se 
My eee n+ i ; 


whenever this limit exists. Formula (10), regarded as a general formula for 
defining the sum of any given divergent series (9), finds additional justification 
in the demonstrable fact that for any convergent series (9) the sum as defined by 
either (6) or (10) is the same—. e., formula (10) is consistent. Moreover, this 
selection for s is seen to bear an interesting relation to the early statement of 
EULER noted above respecting the particular series (1), since, when applied to (1), 
it gives at once s = 3. 

In the present chapter certain general studies are first undertaken (§§ 36-40) 
upon a few of the well-known, standard definitions for the ‘‘ sum” of a diver- 
gent series. The definitions selected (which include (10) as a special case) 
are subjected in turn to a number of tests which it is believed any such definition 
may well be asked to satisfy, and the results attained are summarized in § 41. 


* For a description of this problem see JaHRaus, ‘Das Verhalten der Potenzreihen auf dem 
Konvergenzkreise historisch-kritisch dargestellt,’ Programm des Kgl. humanist. Gymnasiums 
Ludwigshafen a. Rhein (1901), pp. 1-56. See also Knopp, ‘Grenzwerte von Reihen bei der 
Anniherung an die Konvergenzgrenze,” Dissertation (Berlin, 1907). 

3 Journ. fiir Math., Vol. 89 (1880), p. 262. 
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The underlying principles guiding the development of these §§ are stated in 
the Preface and hence need not be repeated here. 

In the latter part of the chapter the essential properties of “ absolutely 
summable ” series are considered (§ 42) and this is followed by a few supple- 
mentary theorems and remarks on the theory of summability in general, proofs 
being suppressed when reference can be readily made to them elsewhere. 

36. Definitions of Sum.—Let any given series (convergent or divergent) be 
represented by 


(11) Soe 


and let us place 
= Dit. 
n=0 


If (11) is convergent let its sum be indicated by S, if divergent let the sum as- 
signed to it by whatever manner be indicated by s. 
The definitions for s to which we shall confine our attention‘ are as follows: 


Si, (r) 


(1) $= lim : r = fixed integer = 0 (CrsARo),° 
ee D.@ 
where 
Sa = Sag + ieee ee 2 Sn—2 “+ aon se ane 2 : amas “= Os 
(12) 


(ENG +2) +m) 


n! 


D,© = 


Under (I) is thus included as a special case corresponding to r = 1 the definition 
(10). The least value of r for which the second member of (I) exists is called the 
degree of indeterminacy of the series (11). 


4 We have confined the attention to what may be called the older and best known forms of 
definition, (1) and (II) being connected with the early studies of HOLtpmER and CrsAro upon the 
boundary value (Grenzwert) problem for functions defined by power series (see § 35), while the 
remainder, especially (III) and (IV), are connected with the independent and now classical 
studies of Boren upon divergent series. A form of definition prominent in the more recent 
literature, especially in England, is that of Rresz (Compt. Rend., July, 1909): 


s = lim S we (1 -3); r = integer = 0. 
n= v=0 

There should be mentioned also the following definition of Dm La Vatuin Poussin (Bulletins de 

la classe des Sciences de lV Académie Royale de Belgique, 1908, pp. 193-254): 


n(n — 1) (1 =k +1) 
Gos oes (w+ > ea Gee ue). 


For a general study of possible forms of definition, see SiuverMan’s Thesis “On the definition of the 
sum of a divergent series” in the scientific publications of the University of Missouri for April, 
1913, pp. 1-96. 

5 Bulletin des Sciences Math. (2), Vol. 14 (1890), p. 119. Cuapman has extended the defini- 
tion to include fractional values of r (Proc. London Math. Soc., Vol. 9 (1911), pp. 369-409). 
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(II) gs = limisg r = fixed integer = 0 (HOipER),° 
where 2 
& = Sn) 
ON ieees (55 + 4,4 ++. + ,) 
n n aie 1 5) 
1 
2) = (1) (1) ayave (1) 
fn ati’ eS ean 
8 © = J (so?) + 3,0 D4... +s,7), 
. n+1 
(IIT) s = lim ¢*s(a) (BorEt),’ 
a=+ 0 


where s(q@) is defined by the following series (assumed convergent for all values 
of a) 

a . $ n 
(13) s(a) — al Qa”. 


n=0 


(IV) s= if : é*u(a)da (BorREt),® 


where u(a) is defined by the following series (assumed convergent for all values 
of a) 


eo 


(14) wa) = ear. 
n=0 t+ 
(V) = uf eup(a)da; p = fixed integer 2 1, 
0 
where 


Uplar) = (uo + ta + +++ + Up a) ip + Uo + ¢-= + Uap a 
+ (ap + -+* 4 Ugp-1)0" + ->°. 


(VI) a f e~°U,(a)da,?° 
0 
where 
= Ole -¢ F oA 
(15) U,(a) = reas >; p= fixed integer = 1. 


37. Consistency of the Above Definitions.—It is at once to be assumed that 
any tenable definition of sum for divergent series must be such that in the case 


6 Math. Annalen, Vol. 20 (1882), pp. 535-549. 

7 Cf. “Lecons,” p. 97. 

8 Cf. ‘“Lecons,” p. 98. 

® Due to LeRoy. Cf. Annales de la Faculté des Sciences de Toulouse (2), Vol. 2 (1902), p. 217. 
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of a convergent series it gives s = S. This property of a definition is called its 
consistency..° We proceed to establish the consistency of all the above definitions 
by a uniform method based upon the following general lemma in the theory of 
limits. . 

Lemma.—Let 80, 81, 82, +++, Say +++ be a sequence of quantities (real or com- 
plex) such that lim s, = J and let ao, a1, a2™, +++, an™, «++ be a sequence 


of positive quantities (weights) dependent upon a parameter p (independent 
of n). Also let it be supposed that the expression 


has a meaning for every value of p in a given sequence P of positive elements 
which increase indefinitely to + «©. If, then, p be allowed to increase in- 
definitely ranging over the values in P we shall have lim S, = / provided that 


pH=t+oa 
m 
YS an ® 
(A) lim. "=" = 0, 
i tera ~ a, 
nr 


n=0 


where m is any fixed positive integer (independent of p and n). 
Proof —We have by hypothesis s, = 1+ «; lim ¢, = 0 and it suffices to 


show that lim D, = 0, where 
p=o 


foo] 
ye (ahs (Ps 


D, = "=>——-- 
2G. 
n=0 
By writing 
oa ™m oO 
Dn Gn = 2 Onin + DL On Sq 
n=0 n=0 n=m+1 


and then placing s, = 1+ e, in the last term here appearing we obtain 


n=m-+1 


iva) 
Ds On? 


n=0 


PD ee ead lan SF a En (in? 
n=0 
D,= 


10 Cf, Bromwicu, “Infinite Series’? (London, 1908), § 100. 

11Cf, Forp, American Journ. of Math., Vol. 32 (1910), p. 820. As here generalized, the 
lemma was first obtained and applied to the discussions of the present chapter by MENDENHALL 
in his thesis entitled ‘‘On the Characteristic Properties of Sum-Formule in the Theory of Divergent 
Series,” University of Michigan, 1911. 
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Whence, if we indicate by gm a positive quantity such that gm =|s;|; 7 = 0, 
1, 2, ---, m, we may write 


YS in + & | én | an” 
Di Ged) ee ere 
Ya,” SS dn 
n=0 n=0 
This relation holds good for any preassigned value of p belonging to P and 

for any preassigned arbitrarily large positive integral value of m. The same 
having been once established, let us now choose an arbitrarily small positive 
quantity e and then take m so large that |e,|< ¢5>n=m+1, m+ 2, ::- 
We may then write 


eo 


oo eo = 
De, | En | On? <a € | o% On” — ve on? | Ps 
n=0 


n=m-+1 n=m 
Whence, 
™ ~ ™ 
ye An = An?) 
n=0 =0 
De < Ga +|l|) Tne 1-* ) 
SS a,” YS an” 
n=0 n=0 


from which the desired result follows as soon as we introduce the hypothesis (A). 

38. We may now easily show the consistency of definition (I). For this 
purpose let us take P in the lemma of § 37 as the sequence of positive integers 
0, 1, 2, 3, ---, and let a,™ be defined as follows: 


et D iar Deemer) 
‘ (p — n)! 
a,” = 1 when n=p; An? =0 when n>. 


Then 8S, = S,/D,™ where S,“ and D,™ are given by (12). Condition 
(A) of the lemma is satisfied since 


= An?) se An?) 
lim “>—— = lim ou 
p= Sa,” pew At aes 2) esi (7p) 
n=0 e p! 


when n< p; 


7: he rp >. 
=tim| + egyeecat 


ins DO) ae [=o 
(r+ G+ p— TD) SiG aie) ee 


Thus we have the desired result: 


lim S, = lim s, = S, 
p=o 


n=0 


provided the latter limit exists, 2. ¢., when (11) is convergent. 
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The consistency of (II) follows directly from that of (I) if we make use of 
the following established result: “If the limit s defined by (II) exists for a 
given value of r then the limit s defined by (I) exists for the same value of r, and 
conversely. Moreover, the two limits s are the same.’ In view of this result 
it appears that formule (I) and (II) are coextensive both in applicability and 
in the values of s which they associate with a given series (convergent or di- 
vergent). As the proof of the indicated result is lengthy, it will be omitted here.” 

To show the consistency of (III), let P be taken as the continuous domain 
p = 0 and let a, = p"/n!. Then 


p 
Sob 9p + S2571 **° 


Sp = v = 6 ?3(p). 
Rat oe OI Brae 
Condition (A) is satisfied since ee 
(16) lim ee ims = 0. 
Thus the lemma yields the desired result: 
(17) ha é-?3(p) = lim é“*s(a) = lim & = 8. 


In considering the consistency of (IV), we first note that when (11) is con- 
vergent, lim wu, = 0. Whence, if we apply the lemma of § 37 with s, = uy, and 


an?) = p"/n!, noting also relation (16), we obtain 
(18) lim e~?u(p) = lim e~*u(a) = lim u, = 0, 
p=a a=o n= 
where u(a) has the meaning given in (14). 
Now, from equation (17) together with [e~*s(a)],-) = wo, we may write 
S— a= [- Ftesa)ld 
0 f he S(a) |da. 
But 
d —a — papal a 
4, (e*8(a)] = “*ls"(@) — 9(@)], 
where 
d i a? 
Tat ™ = §(a) = 81 + Sat S35 t ee, 
Whence, if we note that 


d rar ; Fe 
Jy Mia) = w'(a) = 8'(a) — 8(@) = m+ met ussit +++, 


12 See Forp, I. c., pp. 315-326. Also Scunen, Math. Annalen, Vol. 67 (1909), pp. 110-125. 
In view of this result we shall omit the detailed discussion of (II) throughout the present chapter, 
all statements respecting it being identical with those obtained for (I). 
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we have 


(19) S— uw = if e*u' (a)da. 
0 


Whence also, upon integrating by parts, 


s—uo=[eef wioda] + [Pe] fw (erder fac 
= | tue) — Uo} [+ fo ertue) eae 


Introducing (18) together with 


ao 
Uy = a € “upda 
a 0 
we reach the desired relation: 


(20) { é“ul(a)da = 8. 


Definition (V) is at once seen to be consistent, for when (11) converges to S 
so also does the series 


(ig =F Uy te tg) Min Ueeiet Sc + U2p-1) 
=i (Uap 1b Uap + 60 Weyer a, 
and by applying (IV) to this series we obtain the desired result: 


a é*uz(a)da = 8. 
0 

Likewise, the consistency of (VI) may be shown by use of (20) for it is merely 
the application of this equation to the series 


uo + OFOF + FOF m+0+ 04 ++ mt0F-05 


wherein p — 1 zeros are inserted between each term and the preceding term 
Gt), 

39. The Boundary Value Condition.—It is well known that two definitions 
of sum, both “ consistent ” (§$ 37), do not necessarily give the same sum to a 
given divergent series. In other words, consistency alone is not an adequate 
principle upon which to base a scientific theory of summation because it does 
not insure uniqueness of sum.® A theory free from this objection may be 


‘8 See remarks in Preface. It would appear that many of the formulae for sum suggested 
within recent years have been obtained from considerations quite regardless of the question of 
uniqueness, 
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attained if (having demanded consistency) we confine the attention to those 
series (11) for which the corresponding power series" 


(21) f(x) = De Unit” 

has a radius of convergence equal to 1 and then agree to retain those definitions 
of sum for which 

(B) $= lim f(x). 

This procedure is in line with the historical genesis of the theory of summability 
and allows the theory a well-defined usefulness in the study of analytic functions.” 
Indeed, if a general, self-consistent theory is to be formulated, it would seem that 
it should contain (B), or an equivalent condition, though such a condition 
evidently tends to limit the immediate range of applicability of the theory to a 
particular class of series (11) (cf. Preface). 

Having assumed, then, that the series (11) is such that the power series (21) 
has a radius of convergence equal to 1, we shall undertake to determine in the 
present § those definitions of sum which satisfy (B). Definitions having this 
property we shall speak of as satisfying the boundary value condition. 

We begin by showing that definition (I) satisfies (B), 7. e., 


(22) lim DS ux” = lim S,/Dr,: 
x=1—0 n=0 n=O 

whenever the latter limit exists. This may be done as follows by the aid of the 
lemma of § 37. 

Let the s, of the lemma be taken as 8,/D,™. Then place x = 1 — 1/p 
so that as x ranges from a to 1 (0 < a < 2) the quantity p ranges from 1/(1 — a) 
to + «; also take a,” = D,“(1 — 1/p)". The expression S, of the lemma 
then becomes 


eae (1 = ) Pg gee ioe ylation Pe oe 
n=0 Pp n=0 n=0 n 
S» = i) ma = = Do Unt 5) 


Ny 1 - SS a aD) 
pe D,© (1 ra 2) aS Daa ¢ 2) a 


n=0 -( 


n=0 


14 Tt is to be observed that this series is formed by supplying the successive powers of x into 
(11) beginning with x°, thus excluding, for example, the series (4) in connection with the study 
of (1). This choice of f(x), though arbitrary, is evidently the most natural and the one most 
likely to result in a theory of summability having useful supplemental relations to the boundary- 
value problem. 

15 Some sum-formulae, such as (IV), § 36, not only satisfy (B) when applied to series (11) 
for which (21) has a radius of convergence equal to 1, but they have the further property that 
they preserve a meaning in certain regions in which || > 1 and in these regions furnish the 
analytical continuation of (21) (cf. § 44). 
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so that 
pe S, = lim Sighen 


x%=1—0 n=0 


Let us now confine ourselves, as may be done without loss of generality, to 
values of p pertaining to the sequence P = 1, 2, 3, ---. Condition (A) of the 
lemma is now satisfied, since 


tim -(2- 3) Em (1-5) | 
C+0/, eS ee lee 
via eta i entrap oe 
D P 


2! 


which expression is evidently equal to zero since the denominator has a meaning 
for all p > 0 but becomes infinite with p, while the numerator remains finite as 
DIX 

Applying the lemma, we may therefore write (22) ‘as desired. 

We turn next to definition (III) and shall show that (B) is again satisfied, 2. e., 


(23) lim Sone = fn é“*s(a), 


x=1—0 n=0 


whenever the latter expression has a meaning. 

For this purpose we first note that for any series (11) (convergent or di- 
vergent) for which the second member of (22) exists we have in the notation of 
§ 36 


(24) ite s(a)] = e[s'(a) — s@)] = e*u'(a); — [e*s(@) Jano = Uo 


and hence 


(25) lima é*s(a) = Uo + lz [e~*s(a) |da = uo + fe e*u’ (a)da. 


Conversely, it appears from the same relations (24) that for any series (11) 
for which the last member of (25) exists, the second member of (23) exists also 
and we have relation (25). 

This premised, let us return to the series (21). Since this series is convergent 
when |x|< 1 it follows from the consistency of definition (III) that when 
Orea <a L 

> ux” = lim é~*s,,(a), 
where s, (a) represents the function s(a) corresponding to the series (21). Whence, 
upon applying (25), we have also 
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(26) DS Une” = Uy + f e*u' (ax)da; u' (ax) = - u(ax). 
n=0 0 


Assuming for the moment that the integral here appearing converges wniformly 
for all values of x in the interval a < « < 1; a > 0 we now have, using (25), 


co ioe} 
lim >> u,v” = uy + { eu! (a)da = lim e~*s(a), 
x=1—0 n=0 0 a=00 


thus reaching the desired relation (23). 

That the integral in (26) converges uniformly for values of x in the interval 
a < «x < 1 may be established as follows: Place ax = y and subsequently replace 
x by 1/(1+ 6). The integral under consideration thus takes the form 


(27) (1+ 8) if * e-tuevul (y)dy, 


so that it now suffices to show that (27) converges uniformly for all values of 9 
in the interval 0 < 6 < 6; b = (1—a)/a. 
Now, the integral 


(28) [wey 


converges, as appears from (25), when we make use of our hypothesis that the 
second member of (23) exists. Moreover, the expression e~” is positive and 
steadily decreasing as y increases and it becomes equal to 1 for all values of @ 
when y = 0. We have therefore but to apply Abel’s test’® for the uniform 
convergence of definite integrals to reach the desired result concerning (27). 

We proceed to show that definition (IV) also satisfies condition (B), 2. e., 


(29) lim >) uma” = if e*u(a)da, 
0 


x=1—0 rn=0 


whenever the latter expression has a meaning. 
From the consistency of (IV) we have in the first place 


ioe) 
lim dS u,v” = lim e*u(ax)da, 
«=1—0 n=0 x=1—0 V0 


so that it suffices for our purpose to prove that 
(30) lim &€ *u(ax)da = iH € “u(a)da. 
0 


x=1—0e0 


16 Cf, BroMwicH, l. c., § 171 (2). 
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Placing ax = y and subsequently replacing x by 1/(1 + 6),!” the integral 
in the first member of (30) takes the form 


(1+) it ” e-tuetu(y)dy 


and we may now show by applying Abel’s test, as in the discussion of (III), that 
this integral converges uniformly for all values of 6 in the interval 0 < 6 < b; 
b > 0, with which the proof of (29) becomes complete. 
Definition (V) does not in general satisfy condition (B), as appears from an 
example. Thus, let the series (21) be 
il foo) 
ie le Ue 
and take p= 2. Then u,(~) = 0 and hence s, as given by (V), is equal to 
zero. But, 
= = TORN ai wey BE 
Be ee tierices, 
That definition (VI) satisfies condition (B) may be readily inferred from 
reasoning similar to that followed in connection with (IV). Thus, from the 
consistency of the definition we have 


(31) lim Dou," = lim &°Up, -(a)da, 
x=1—0 n=0 x=1-—0~70 
where 
ee ae 
Up, (Q) a 2 (np) ! ° 


Upon placing « = zg? the second member of (31) takes the form 
(32) lim é°U,(az)da, 
2z=1—0vd/9 


where U, is defined by (15). Now place az = y and subsequently replace z by 
1/1 + 6). Expression (32) then takes the form 


(33) lim (1 + @) [ € %e—¥U »(y) dy. 
6=0 e/0 
Since the integral 


[ u,qay 


has a meaning by hypothesis, we may show by means of Abel’s test, as in con- 
nection with (IV), that the integral in (33) is uniformly convergent for all values 
of @ in the interval 0 < 6 < b, with which the proof is at once completed. 

17 Cf. Bromwicu, l. c., p. 121, 
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40. Fundamental Operations.—Besides being consistent and satisfying the 
boundary value condition (B),}8 it is evidently desirable that the sum assigned 
to a numerical divergent series (11) shall, at least so far as possible, be one for 
which the usual operations applicable to convergent series are preserved. The 
operations of this type which we shall consider are the following: 

(C) If s represents the sum of the divergent series (11) by a given definition, 
then the series 


(34) DS Un} k = positive integer 
n=k 


shall have a sum s™ by the same definition such that 
(35) s) = 3— (uy uy **> + 14). 


Conversely, if the series (34) has a sum s by a given definition then the series 
(11) shall likewise have a sum s by the same definition and relation (35) shall 
exist, 

(D) If with a given definition of sum, the two divergent series: 


(36) Lites 2 ia 
n=0 n=0 


have respectively the sums 81, s2, then the series 


2 aa = Up) 


shall possess by the same definition the sum s; + 8». 
(E) With the hypotheses stated in (D) the series 


(37) 3 Wns 


n=0 
where 
Wn = Un + U1n—1 + ee + Un—101 + Unvo 


shall have the sum s,s, (at least after certain additional conditions have been 
placed upon uw, and 2, analogous to those imposed when two convergent series are 
multiplied together). 

We begin by showing that definition (I) satisfies condition (C). For this it 
evidently suffices to suppose k = 1, since a repetition of the reasoning leads 
from this to the general result (35). 


18 For reasons stated at the beginning of § 39 we shall continue throughout the present § to 
regard the given series (11) as belonging to the class for which the corresponding power series 
(21) has a radius of convergence equal to 1. This hypothesis, however, plays no part in the 
deductions about to be made. 
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Placing 


ea s+ b Un, 
(38) 


On = Ut Ue + soe b Unity 


18. = 55 thea OOD gg po pC ED EBA oy 
Sn. Oe + FO oot DB Aiep a a 1) a 1). 


(r+ 1) +2) «++ @+2) 


D,© = 
n!} 


we are to show, then, that if the limit 
sy = lim Sn /Da© 
exists so also does the limit a 


sy = lim 2S, /Da™ 
n=” 


and that s; = wo + Se, with the corresponding converse statement. 
Since Sn41 = Uo + oy we have 


ria = cuo + ont ron + oe 1) Gig rey end) oP 
where , 
c= isa pe Soe eee ee ae Y= Dy, 
Whence, ” 
OD eee 8, 


Dini Ot po eareee sie D,®* 


The desired result (both direct and converse) now follows upon noting that 


As regards definition (IID), it appears from an example that this does not 
always satisfy (C). Thus, consider the special series (11) for which wo, w1, U2, °° > 
are so determined that 


2 
sin (€*) = uo + (wo + wa + (uo + ui + a) 5+ cane 
For this series we have 


; F : do 
¢ = lim ¢™* sin (e*) = 0; © = fim e-* E sin (e*) — we | = lim cos (e*)— 9, 


a=0 a= 


so that although s exists, the same is not true of s, 
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In this connection we may, however, establish the following noteworthy 
result: 


“‘ Tf the series 


(39) > ta: p= 0,1, 2,8, “5k 
n=p 


are each summable by (III) to the respective values s, 5, s®, ---, s, then 
relation (35) is satisfied.” 
In fact, with s, and o, defined as in (38) and with 


2 


s(a) = 80+ e+ 8255+ oe 


2 
o(a) = oot oye + 0255+ tee, 


we have, since 8,41 = Uo + On, 
2 2 
S(a) = Uo + (uo + oo)a + (uo + 0) 5) + nes = Uge* + | eve + oS + |, 


Or, since gn = On+1 — Un+te; 


s(a) = we +| (1 Urja + (G2 — us) 5+ |. 


Whence also 
é*s(a) = uo + e“a(a) — e*u'(a), 


where u(@) is determined from (14). It therefore remains but to show that 
lim e~*u’(@) = 0, in order to prove the indicated statement for the case in which 
k= 1. 

Now, having assumed that both lim ¢~“*s(a) and lim e~*e(q) exist, it follows 
from the last equation that lim e~*w’(@) exists also. Moreover, we have (cf. (25)) 


(40) lim e*s(a) = uy + { : é& *u'(a)da 


so that the only possible value of lim e~*w’(a) is zero.” 

Repetition of the reasoning now leads to the more general result as stated 
above. 

Turning to definition (IV), it again appears that a series (11) which is sum- 
mable by this definition may not satisfy (C), but that the following result may 
be established :?? 

“Tf the series (39) are summable by (IV) to the respective values s, s%, 
s®@, --+, 3, then relation (35) is satisfied.” 


19 Tt may be observed that the existence of the integral in (40) does not suffice to establish 
the equation lim e~*u’(a) = 0 (cf. Bromwica, I. ¢., p. 278). 

20 Cf, Harpy, ‘Researches in the Theory of Divergent Series, etc.,” Quarterly Journ. of 
Math., Vol. 35 (1904), p. 30. 


90 STUDIES ON SUMMABILITY 


In order to see the truth of this statement for the case in which k = 1 we 
first note that by an integration by parts we obtain 


00 a=a 


c= if &*u(a)da = | - ued | 


0 


a 


(41) axe 
+ ite é*u'(a)da = | ula) ie a pein 


From this relation combined with the assumed existence of s and s™ it follows 
that lim e~*u(a) = 0 so that we have as desired s = s — up. In order to 
prove the more general case we have evidently but to repeat the same reasoning 
k times. 

Definition (V) does not always satisfy condition (C) since, as we have just 
shown, it does not do so for the special case in which p= 1. Likewise, the 
same is true of definition (VI) (which reduces to (IV) when p = 1), but we here 
have an alternative result similar to that indicated above. 

We turn then to condition (D). This is evidently satisfied by two series 
summable by any one of the definitions of § 36 and, therefore, needs no further 
comment. 

As regards condition (E), it is obviously necessary to impose further condi- 
tions than that of the mere summability of the two series (36) in order that (£) 
be satisfied, at least in general, since even in the case of two convergent series 
such supplementary conditions are required. We here have, however, the 
following noteworthy result of Cesaro relative to series (86) summable by (I): 

“The product series (37) of two series (86) whose degrees of indeterminacy 
(§ 36) are respectively r and s is summable and has a degree of indeterminacy no 
greater than r+ s+ 1.” 

Conditions under which condition (E) will be satisfied by definition (IV) will 
be considered in § 44. 

41. Summary of Results—The principal results of §§ 35-40 may be sum- 
marized into the following statement: 

Let 


(42) De Un 
n=0 
be any divergent serves such that the corresponding power series 
De Unt” 
n=0 


*1 We omit the proof of this well-known result. The same may be supplied from Bromwicy, 
I. c., §125. For CusAro’s original proof, see Bulletin des Sciences Math., Vol. 14 (1890), pp. 118, 
ete. 
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has a radius of convergence equal to 1. Also, let (1), (II), (IIL), (IV), (V) and (VI) 
represent the six definitions for sum indicated in § 36. 

If, then, we represent by (A) the condition of consistency (§ 37), by (B) the 
boundary value condition (§ 39) and by (C), (D) and (EF) the conditions of § 40 
carried over from the theory of convergent series, the relation of the various definitions 
to these conditions appears in the following table wherein the * when placed in any 
square indicates that the corresponding definition and condition are compatible: 


Boo 


Moreover, the squares corresponding to (III, C), (IV, C) and (VI, C) may also 
receive.the * provided ‘one substitutes for (C) the following slightly more restrictive 
condition: 

(C)’ If the serves 


Do Un} p = 0,1, 2,3, -°+,k 
n=p 


are each summable in accordance with a given definition of sum to the respective values 


8, sO, s®, s®, SIO g ®) 
then 
s® = ¢— (uot m+ +++ + ue). 


42. Absolutely Summable Series.—A noteworthy class of divergent series (11) 
for which conditions (A), (B), (C), (D), (E), of § 41 are all satisfied when we adopt 
the definition (IV) of sum, has been pointed out by BorEt and made the object 
of especial study throughout his investigations.” Such series are called abso- 
lutely summable and are defined from the fact that not only the integral 


(43) $= f : & *u(a)da 


is supposed to exist, but also each of the integrals 


f e*|w (a) |dav; p= 0, 1, 2,3, ---, 
0 


22 Cf. “Lecons,” Chapter III. 
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wherein u‘?)(a) denotes the pth derivative of the (integral) function w(a) (cf. 
(14)). 

Absolutely summable series, as thus defined, being but special series summable 
by definition (IV), at once satisfy conditions (A), (B) and (D), as shown in 
earlier §§. It therefore remains but to consider such series with reference to 
conditions (C) and (£). 

Now, if the series (11) is absolutely summable, it follows from definition that 
both s and s™ exist. Whence, by the results obtained in § 40, we have relation 
(35). In order to complete the proof that (C) is satisfied, we must now show 
that if the series (34) is absolutely summable, so also is (11) and that with s and 
s) defined as before, relation (35) exists. For this let us first consider the case 


in which & = 1. 
g(x) = f | w’(t) |dt = Lf wpa]. 
0 0 


Place” 
g(x) Z|u(x) — uo| 


|u(x) |= g(x) + | uo, 


ip e-*|u(a) |da 


must converge whenever the same is true of the integral 


We thus have 
and hence 


so that the integral 


(44) it & *p(a)dx. 
0 
Now, by identity 


i aie = — een il glade 


and consequently, because g(X) and ¢’(x) are both positive, 
Xx Xx (ee) 
i € *o(a)dz < uF é€ *0'(a)dx < ip e~*o' (x) dx. 
0 0 0 


Thus the integrals (40) and (41) exist. Upon again applying the results obtained 
in § 40, the desired conclusion now follows for the case in which k = 

A repetition of the reasoning evidently leads to the more general result. 

We proceed, then, to show that absolutely summable series satisfy condition 
(E)24 


23 Cf. Bromwicg, I. c., § 106. 
* The proof which follows is essentially that given by Bromwicu (I. c., § 106). 


ABSOLUTELY SUMMABLE SERIES 93 


In the first place, we may write (see definitions of s; and s2 in (36), and note 
(43)) 
$182 = lim ah 1 e "™Mau(a)o(y)dady, 
A=+ 00 


in which the double integral appearing in the second member is understood to 
be extended over the square OABC of side ) situated as in the following figure: 


Fia. 6 


In fact, we have 


A A 
lim f f e = Mu(x)o(y)dady = lim { f e )u(a)v(y)dady 
A=0 e/0 0 


A=0 
A IN (oo) re) 
= tim| i e*u(a)de f en(y)dy | = if é*u(a)da f e Yy(y)dy = 8182. 
A=0 0 0 0 0 


Now, in case u(x) and o(y) are always positive the indicated double integral 
when extended over the triangle OA’C’ has a value lying between the corre- 
sponding integrals taken over the squares OABC, OA'B’C’, and since the latter 
each approach the limit siso as \ = ©, the integral over the same triangle will 
also approach the limit sjs2. On the other hand, if u(x) and v(y) are not always 
positive, the absolute value of the difference between the integrals over OABC 
and OA’B’C’ may be made arbitrarily small by taking ) sufficiently large, as we 
shall show presently, thus again rendering the integral over the triangle 0A’C’ 
equal in the limit to 8452. 

In order to show this, let us represent by J(S) the integral in question when 
extended over any given area S. Also let G(S) be the corresponding integral 
when the absolute value of the integrand is used. We then have 


|I(O0ABC) — I(0A'C’) | = |I(CBC’) + I(4A’B) | 
<|I(CBC’)|+|1(AA’B) |< G(ABCO'B'A'A). 


Since ABCC’B’A’A = OA'B'C’ — OABC and since the integrand of G(S) 
is always positive, the last member of (45) may be written in the form 


(46) I e*|u(e)|de f ev|oo)|dy — f e*|uCe)|de [ e|oy) lay. 
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Moreover, since the series (36) are by hypothesis absolutely summable, each of 
the iterated integrals in (46) approaches the same limit when \ = ©, so that 
the expression (46) itself approaches the limit zero. 

We may therefore in all cases write 


(47) $38. = lim if i e = Mu (x)o(y)dady, 
A=0 


where the integration is performed over the right triangle 0.A’C’, the length of 
whose side is 2. 

This result being premised, let us now introduce into the second member of 
(47) the new variables £, 7 defined as follows: 2 + y = £,y = nora = &(1 — 7), 
y = &. 

We then have” 


dx de 
0—& On 

dydx = didn = Edédn, 
dy oy 
0& On 


so that the integral in question becomes 
2X 1 
(48) [ eteae [/utgca — nylocénar. 


Concerning the limits of integration here, we wish to integrate over that 
area in the &, 7 plane which corresponds to the area of the triangle OA’C’ in the 
x, y plane. Now, the three sides of the triangle are respectively 2 = 0, y = 0 
and « + y = 2h, and our first problem is to determine what these bounding lines 
become in the &, 7 plane, it being understood as indicated above, that the 
equations of transformation arex = &(1 — n), y = &. Evidently, corresponding 
to x = 0 we have the two lines € = 0, 7 = 1, while corresponding to y = 0, we 
have the two lines & = 0, 7 = 0, and corresponding to «+ y = 2X we have 
the one line £ = 2X. The area bounded by these four lines is that of the rectangle 
whose vertices (in the &, 7 plane) are (0, 0), (2A, 0), (2A, 1), (0, 1). Whence, the 
limits of integration are as indicated in (48). 

The series for u(x) and v(y), being power series are absolutely convergent. 
Hence, by the rule for the multiplication of two such series, it appears that the 
expression u[E(1 — 7)]v(én) may be expanded into a series whose nth term is 


” 


(49) Pa, ee 


r=0 ni \(n a 


Moreover, this series will be uniformly convergent as regards 7 throughout the 


*© See, for example, Goursart, ‘‘Cours d’Analyse,”’ Vol. I (1902), p. 298 
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interval 0 < » < 1 since for all such 7 values the term (49) is less in absolute value 
than 


po § el tel 


orln—r)l 


and this expression is the nth term of the (convergent) product series obtained 
by multiplying together the (convergent) series 


The integration with respect to 7 in (48) may therefore be performed term by 
term upon the series whose nth term is (49), thus giving 


fea - pend = Se So (ae = nae. 
But 
- l(n — r)! 
if pra nines or 


Thus we have 


f wea = mbendn = Dona 


where w, has the meaning used in condition (E) (§ 40). 
The integral (48) thus becomes 


{ * e!W(db, 


where 


get 
W(é) = as oe i)! 


and accordingly we have the equation 
(50) 8182 = A e*W(é)dé. 
0 
The second member of this equation is seen to be the sum of the series 


(51) O-F we "i 


so that our final result will now follow as soon as we show that under the existing 
hypotheses the series 
(52) WE Wi a 4 ae 


is summable by definition (IV). 
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We may in fact show that the series (52) is absolutely summable. Moreover, 
since we have shown that absolutely summable series satisfy condition (C), 
it will here suffice to show that the series (51) is absolutely summable—. e., that 
the integrals 


[|e @ lag k= 0, L, 2, 3, as 


converge. The proof of this presents no difficulties and will therefore be omitted.” 
43. Uniform Summability.—Following analogy with uniformly convergent 
series, Harpy?” has proposed the following definition of uniform summability 
for divergent series, basing the same on the form (IV) (§ 36) of definition of sum: 
Definition I. If (instead of the series of constant terms (11)) we have the 
series (convergent or divergent) 


2 Un(a); 


n=0 


in which each term u,(a) is a function of the (real) variable a, this series is 
uniformly summable throughout the interval B < a < y if for these values of a 
the integral 


en = if e *u(a, a)dx 


a 
0 
converges uniformly, wherein 


co) x” 
u(e, a) = Do un(a) =. 
n=0 N: 


Upon the basis of this definition the following theorems analogous to those 
encountered in the study of uniformly convergent series may be established :78 
TuHEorEeM I. “ Jf all the terms un(a) are continuous functions of a and 


S Un (a) 


is uniformly summable, and 
oO un 
et 


uniformly convergent for any finite value of x, in an interval (B, y), the sum of the 
first serves 1s a continuous function of a throughout the interval.” 
TueorEM II. “Jf 


S Un! (a) 


is uniformly summable in (ao — £, oo + £) and 


26 Cf. Bromwicu, l. c., pp. 282-283. 
27 See Transactions Cambridge Philos. Soc., Vol. 19 (1904), p. 301. 
28 Cf, Harpy, l. c. 
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oO , an 
LG (a) 


n=0 


uniformly convergent for any finite value of x, the series 


S Un (a) 


may be differentiated term by term for a = ao.” 
TuHeorEeM III. “Jf 
(53) S wn(o) 


n=0 
is uniformly summable in (8, y) and 


fe) 


n=0 
uniformly convergent throughout the domain (0, X, 8B, y) however great be X, the 
series may be integrated term by term over (8, y).” 

Extensions of Theorem III to cases in which (53) fails to be uniformly sum- 
mable in the neighborhood of a finite number of isolated points within (8, y) 
and to the case in which 8 = © have also been obtained. It would appear, 
however, that with the indicated meaning for 


Sula), 


Theorems I, II and III together with their generalizations relate in substance to 
the properties of definite integrals of a certain prescribed type rather than to the 
subject of infinite series, the latter appearing merely in the réle of suggesting the 
type in question. For this reason the notion of “ uniform summability,” at 
least as formulated upon the basis of definition (IV) (§ 36), together with the 
resulting theorems appear somewhat artificial. This seems less true, however, 
in case definition (I) (or (II)) is adopted. Thus, confining ourselves for sim- 
plicity to the important case in which r = 1, we then have the following 
Definition II. A series (convergent or divergent) 


(54) > a (@) 


in which each term u,(a) is a function of the (real) variable a, is uniformly 
summable throughout the interval 8 < a < y if for these values of a the ex- 
pression 


8o(@) + sila) + +++ + 8n(@) 
n+1 


converges uniformly to a limit U(qa). 
29 Cf., for example, C. N. Moorp, Transactions American Math. Soc., Vol. 10 (1909), p. 400. 


where Sn(a) = Ula) + usr(a~) + +++ + Un(@) 
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The theorems corresponding to I, II and III now become considerably more 
direct. Thus, corresponding to Theorem I we evidently have the following: 

“Tf all the terms u,(a) of the series (54) are continuous and the same series 
is uniformly summable throughout the interval (8, y), then its sum U(a) is con- 
tinuous throughout (6, y).” 

The corresponding forms for Theorems II and III can be at once supplied. 


Supplementary Remarks and Theorems 


44, From §§ 41-43 it may be concluded that of the six definitions of “ sum ”’ 
in § 36 those deserving of especial emphasis are (I) (CEsARO) or its equivalent 
(II) (HéutpER) and (IV) (BoreL). We now add certain noteworthy results 
respecting (I) and (IV), omitting proofs in cases where suitable references can 
be given. 

1. If a serves (convergent or divergent) 1s swmmable by Cesaro’s method for a 
given value of r (cf. § 36), it ts swummable by the same method for all larger (inte- 
gral) values of r. 

In fact, with S, and D,™ defined as in (12), we have the identities 


SD = So) + SO + G0 +... + 8,0, 


D,@tD = Dy + D, + PD, +... + D,, 


and since by hypothesis lim S,“/D,™ exists, it follows from a well-known 
theorem due to Stouz®® that lim S,°t»/D,°* also exists and has the same 
value, provided however that as m increases S,‘” eventually does not oscillate 
but is such that lim S,‘” = + o —a condition here fulfilled because by hypoth- 


esis lim S,“/D,“ exists, while from the definition of D,“ we have at once 
lim D,” = + o. 


2. A necessary condition that any series 


De 
> Un 


n=0 


be summable by Cesaro’s method with a degree of indeterminacy r is that 


(55) lim (u,/n7)=0. #3 
A noteworthy corollary of this result is as follows: 
3. Let 
(56) De On” 
n=0 


30 See Math. Annalen, Vol. 33 (1889), pp. 236-245. 
31 For a proof, see Bromwicu, l. c., § 127. 
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be any power series having a radius of convergence equal to 1. Then the divergent 
series 

co 

as AnXo”; 

n=0 
wherein x represents any special value such that |ao| > 1 cannot be summed by 
Cestro’s method. Thus, in particular Cesaro’s formula cannot serve to prolong 
analytically the power series (56) outside its circle of convergence. 

In fact, placing Up = Gna%o” we have 


lim = 2 
n=0o Un—1 
and hence 
Un : 
= to + ex; lim e, = 0. 
Un—1 n= 
Whence 


Un = Uo(ao + €1) (a0 + €2) +++ (to + en). 


Now, having chosen an arbitrarily small positive quantity 7, we have |e.|< 7 

for all x > a determinate value n,, and hence 
|to + €.|=|zo.l—|n|; mm >n,. 

Thus, as 7 increases indefinitely the expression wu, becomes infinite to as high 
an order as that of (|ao|—|7|)”. But for a sufficiently small choice of 4 we 
have |xo|— || > 1, since by hypothesis |ao| > 1. Thus (55) cannot be satis- 
fied for any value of r. 

In contrast to this result, we have the following important theorem arising 
when, instead of the definition (I) of sum, we adopt the definition (IV) of BorEL. 

4. Let 


fla) = Yay” 


be any power series having a radius of convergence equal to 1. If, then, the series 


is summable by definition (IV) (§ 36) so also is the series 
Deen? 
n=0 


provided xp lie within the polygon formed by tangents to the given circle at the points 
(assumed finite in number) upon the circumference at which f(x) has singularities. 
Moreover, f(a) may be extended analytically to all such points xo by means of the 
sum formula in question, t. é., 
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f(xo) = i) i & “u(axy)da 


where 


i) 


wax) = ya 

The summability at xo will be absolute (§ 42) and it will be uniform (§ 43) 
throughout any region situated wholly within the indicated polygon (polygon of 
summability).* 

5. Absolutely convergent series are absolutely swmmable, but series that are 
merely convergent may not be absolutely summable.® 

6. If but one of two series is absolutely summable while both are summable by 
definition (IV) (Borel’s integral) to the respective limits si, 52, then the product 
series (cf. (37)) is summable by the same definition to the value 81, 82, but not neces- 
sarily absolutely summable.** 

7. If two series are summable by definition (IV) (Borel’s integral) to the values 
$1, 82 respectively, then the product series (cf. (37)) whenever summable necessarily 
has the sum 8182. 

8. If the coefficients uy, Us, Us, +++ of the divergent series (11) are such that 
the expressions 


Eo = Uo, Ey = ut wu, 
Ey = uo + 2u1 + Ua, 
= Uo + 31 + 3ue + Us, 


& 
| 


(57) 


n(n —1) 


E, = Uo + nuy + 21 


Ue e+ fb NUnit Un 
all vanish after a certain point: n = m, then the series may be summed by definition 
(IV) (Borel’s integral) and the sum will be 


ko, fi, Em 
Gt pt gt tm 


—i. e., the sum will be given by summing the series by Euler’s well-known 
method for converting a slowly convergent series into a more rapidly converging 
one.*® 


% Proof of the various statements here made is readily supplied from the remarks of Brom- 
wicu, I. c., § 113. 

%8 Cf. Harpy, Quarterly Journ. of Math., Vol. 35 (1904), pp. 25, 28. 

34 Cf. Harpy, I. c., pp. 48-44, 

35 Cf. Harpy, l. c., pp. 44-45 

36 Cf. Bromwicg, l. c., § 24. 
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This result evidently becomes of especial significance for all series (11) of 
the form 


ay — ay + ag —ag+:::; Am positive 
for which the successive differences between the quantities ao, a1, dz, «++ all 
eventually vanish —e. g., the series 
ee en a a ee 
wherein the quantities 2, Ei, E, etc., become 
Ey = 1, E, = —1, Ek, = hz =:--= k= 0, 


and hence s = $ — } = }. 
The proof of statement (8) may be readily supplied when we make use of 


the Lemma of § 37. Thus, in the notation there employed, let us take in the 
present instance 


Ek, hh, E En 2p)” 
eee oy Rarer st” aye) = EP)” 
Then 
: Ey , ys 
b= lim t= 9 + ppt + + et 


and condition (A) of the lemma is at once seen to be satisfied (cf. (16)). 
Application of the lemma thus gives 


u(d 


1 = lim e? >> 
n=0 


p=on 


g Sn = lim e~**s(2a) = lim e~*s(a), 
where s(a) is defined by (13). Moreover, this result may be written (cf. (25)) 
in the form 
= Ug + I e “u' (a)da, 
0 
where u(a) is defined by (14). If the integral here appearing be integrated by 
parts (cf. (41)) we thus obtain 
l= — [e*u(@)].=0 + f é& “u(a)da. 
0 
In order to finish the proof it remains but to show that the first term here 


appearing in the second member is equal to zero. 
Upon noting the meanings of Ho, Ei, E2, ---, as given in (57), we obtain 


oe a am 
eu(a) = (uo + wa + Uso, s+) = Egt Frat feat So Em 
and hence 


lim e~*u(a) = lim oe| ot Big ee B= | uy 


a=o a=0 


CHAPTER V 


THE SUMMABILITY AND CONVERGENCE OF FOURIER SERIES AND ALLIED 
DEVELOPMENTS 


45. In the present chapter it is proposed to derive the principal known 
results concerning the summability of Fourier series and other allied develop- 
ments for functions of one real variable (developments in terms of Bessel func- 
tions, Legendre functions, etc.).1_ We shall take the word “sum ” in the HOLDER 
sense? (§ 36) according to which a given series (convergent or divergent) 


(1) 2 Un 
has its sum s defined by the equation 
(2) s= lim's,; r = fixed integer = 0, 


where 
Sn) = S_ = Uo + ui + +++ + Un, 


- 
8,0 = + i (so + $0 a esate + 8,), 
3 = 1 (s9°—D + ve +.:-- -b 8 Ses 2) 5 


Moreover, if the terms wu, are functions of the (real) variable x (as will now 
always be the case) when considered throughout an interval (a, b), the series (1) 
will be termed uniformly summable throughout (a, b) in accordance with the defi- 
nition II of § 43 —. e., provided that the limit (2) is approached uniformly for 
the same values of a. 

In view of the fact that any discussion of the summability of Fourier series 
and other allied developments is intimately connected with the corresponding 
discussion of convergence, the latter being in fact but the case of summability 
in which r = 0 (cf. (2)), we shall as a matter of course elaborate both aspects 
of the subject. No attempts will be made however to obtain theorems con- 
taining the minimum restrictions for a given function f(x) in order that it be 


1 See explanatory remarks in the Preface. 

2 The results obtained will therefore (§ 38) be convertible at any point into those for summa- 
bility in the CrsARo sense. 

3 Since all convergent series are summable but not conversely it is evident that more restric- 
tive conditions upon wu, are in general necessary to insure convergence than summability. This 
fact will be well illustrated in the studies of the present chapter. 
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developable in a summable (or convergent) series of any one type. The emphasis 
will be placed rather upon the attainment of a general theory of such a nature 
that the various more important special developments, including Fourier series, 
and the familiar developments in terms of Bessel functions and Legendre 
functions, may be studied as special applications of it, provided f(x) satisfy any 
one of various slightly limiting conditions. This general theory is elaborated 
in $$ 46-56 following which the applications just mentioned have been carried 
through (§$§ 57-70). 

The basis of the entire chapter is Drnt’s great work entitled “ Serie di Fourier 
e altre rappresentazioni analitiche delle funzioni di una variabile reale”’ (Pisa, 
1880) and due acknowledgment is here made to this source. 


I 
FouRIER SERIES 


46. If f(x) be a given function of the real variable x defined throughout the 
interval (— 7, 7) the corresponding Fourier series is by definition 


(3) day + >0 (an cos nx + 5, sin na), 


n=1 


where 


Gace =f f(x) cos nada, b, = =/* f(x) sin nada. 


As regards the convergence and summability of this series, the following 
theorems are well known: 

TueoreM IJ. If f(x) remains finite throughout the interval (— mw, +) with the 
possible exception of a finite number of points and is such that the integral 


) [ i@) |ae 


exists, then the Fourier series (3) will converge at any point x(—-ar7<au<am)m 
the arbitrarily small neighborhood of which f(x) has limited total fluctuation, and 
the sum will be 


2[f@—0)+f@+t 0)). 


Moreover, the convergence will be uniform to the limit f(a) throughout any in- 
terval (a’, b’) inclosed within a second interval (ay, by) such that 


am Se Oe mae Oe Oy Koa 


4 As regards convergence, including uniform convergence, general theorems of the nature 
here indicated together with applications have been given by Hopson in a series of memoirs 
appearing in the Transactions of the London Math. Society (Vol. 6 (1908), pp. 349-395; Vol. 7, 
pp. 24-48; ibid., pp. 338-388). Corresponding general studies for summability do not appear 
to have been thus far carried through, though numerous results have been obtained by special 
methods. For further remarks, see notes appended to the theorems of §§ 67 and 68. 
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provided that f(x) is continuous throughout (a’, b’) inclusive of the end points x = a’, 
x = b' and has limited total fluctuation throughout (ai, b1).° 

TuHEoreM II. If f(x) remains finite throughout the interval (— 1, +) with the 
possible exception of a finite number of points and 1s such that the integral (4) exists, 
then the Fourier series (3) will be summable (r = 1) at any point «x (— 7 <4 <7) 
at which the limits f(a — 0), f(a + 0) exist, and the sum will be 


2 (fe — 0) + fl + 0)]. 


Moreover, the summability will be uniform to the limit f(a) throughout any 
interval (a’', b’) such that — 7 <a’ <b’ < provided that f(x) 1s continuous 
throughout (a’, b’) inclusive of the end points.® 

THEorREM III. If f(a) when considered throughout the interval (— 7, 1) satis- 
fies the conditions mentioned in Theorem I and 1s such that in arbitrarily small 
neighborhoods at the right of the point x = — m and at the left of the point x = 7 
ut has limited total fluctuation, then the Fourier serves (3) will converge when x = — + 
or x = 7 and 2n either case the sum will be 


21J@ = 0) i= wer OI: 


THeorEeM IV. If f(x) when considered throughout the interval (— 7, 1) satis- 
fies the conditions mentioned in Theorem I and is such that the limits f(a — 0), 
f(— 7+ 0) exist, then the Fourier series (3) will be summable when x = a or 
x= — wand in erther case the sum will be 


of Mor fi ma 0) 


It is our purpose here (having in mind the essential steps incident to the 
formation of a general theory for the study of this and other allied develop- 
ments) to show in the first place that the proof of Theorem I may be made to 
depend upon the existence of the three following relations which themselves are 
independent of the function f(z) and concern only the trigonometric expression 
. n+1 

sin > t 
(5) o(n, t) = =e \ oe pA , 


2 sin 9 


n being limited to positive integral values. 


(1) The integral 
i o(n, t)dt 


* Cf. Hopson, “Theory of Functions,” §§ 448, 451, 457, 459. Also, Caapman, Quarterly 
Journ. of Math., Vol. 43 (1911), p. 33. 
6 Cf. Hopson, l. c., § 469. 
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when considered for values of ¢ in the interval — 27 + « =t = — «, € being an 
arbitrarily small positive constant, converges uniformly to the limit — 4 when 
n = ©; while the same integral when considered for values of ¢ in the interval 
€ St S 2m — e converges uniformly to the limit $ when n = ©.’ 


(II) For a sufficiently small choice of the positive quantity « we have 


ip o(n, t)dt 


7/0 


| 
| 
where 4 is a constant independent of both n and #.8 
(III) For a sufficiently small choice of the positive quantity e we have 
|e(n, t)|< B; —2r~esisa =<, e=tS2n —€, 


where B is a constant independent of both n and ¢. 

In order to prove that Theorem I depends, as stated above, upon the existence 
of these three relations, let us suppose at first that a has some special value x = a 
such that — t < a’ Sa SD’ < 7, the quantities a’, b’ being regarded as fixed. 
With this value of a the (7 + 1)st term of the series (3) takes the form 


- { f(x) (cos nz cos na + sin nx sin na)dx = =| f(x) cos nw — a)dz, 


so that the sum of the first (7 + 1) terms becomes 


sala) = = fle) {4+ Leos mle — a) | de, 


n=1 


Upon making use of the well-known relation 


2Qn+ 1 
Ne sin ——5— & 
24 >) cos na = = 
ot 2 sin 5 
we thus have 
) (a) = [ flee(n, 2 — a)de, 


where o(n, x — a) is to be determined by (5). 
Whence also, having chosen an arbitrarily small positive quantity «, we may 
write 
Sn(a) = i f(x)e(n, « — a)dx + f(a)o(n, x — a)dx 
is ate 


(7) : Pet 
+ off f(a)o(n, « — a)dx + if f(x)e(n, « — a)da. 


7 For a proof of this statement, see Appendix, § 1. 
8 For a proof, see Appendix, § 2. 
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We may now show that the conditions placed upon f(z) for the whole (closed) 
interval (— 7, 7) (cf. Theorem I) when taken in conjunction with relations (I) 
and (III) suffice to make the limit approached by each of the first two integrals 
of (7) equal to zero when n = ©. In fact, we shall show that this limit is 
approached uniformly by each of these two integrals when they are considered 
for values of a for which a’ =a Sb’. 

Considering, then, the first integral in the second member of (7), let us repre- 
sent by 21, 22, %3, *+*, %q (a@s > Xs-1) the points (q in number) at which f(z) 
becomes infinite in the (closed) interval (— 7, 7), assuming at first for simplicity 
that x1 + — 7, x, +7. Having chosen an arbitrarily small positive quantity 
w, let us also suppose at first that the value « = a — ¢ lies within one of the 
following intervals: 

(8) (aa w), i eres — w), aes (tq “+ 6, — 1); 
z. é., let us assume that « = a — eis not one of the points at which f(x) becomes 
infinite. We may then express the integral in question in the form 


(9) [- fe)eln, 2 — ade = 8+ R, 


where 


r+ 9 


xy+w e+ a gt w 
eal of oe ) f@eln, « — ade. 


XQ—-w 


sabe + aa f+... ae ) feet, 2 — adds, gs” 


and 


Now, introducing relation (III), we have 


2a) 2+ wD gt wo 
Ri< B( [” ara (ce tet fo ) | #02) [ae 


and since the integral (4) is assumed to exist it thus follows that for a sufficiently 
small choice of w we shall have |R|< Bgp < Bap where p is a preassigned 
arbitrarily small positive constant. 

The value of p having been assigned and w then determined in the manner 
just indicated, we turn to the expression S. In considering this it is first desirable 
to make the following observation. 

Consider the set of intervals (8). Let us divide the first of these into p equal 
sub-intervals of length 6;, the second into the same number p of equal sub- 
intervals 62, ---, the (¢+ 1)st into the same number p of equal sub-intervals 
of length 6,41. Let D;,, be the fluctuation of f(x) in the sth one of the intervals 
61, let De,, be the fluctuation of f(x) in the sth one of the intervals 52, ---, let 
Dq41,s be the fluctuation of f(x) in the sth one of the intervals 6,1:. Finally, 
let us form the sums 


Proor or THEOREMS 107 


Dp Pp Dp 
(10) 51 Di, », be Dit eer) See Der 
= t= s=1 


Since f(x) is integrable over each of the intervals (8), it follows that we can make 
our choice of the integer p so large that each of the sums (10) will be less in 
absolute value than the preassigned quantity p already mentioned. At the 
same time, p may be chosen so large that each of the integrals 


(11) i | f(x) |dz; e122, 9,993, ¢ 4, 


where the integration is performed over any one of the intervals 6,, will likewise 
be less than p. In what follows the quantity p will be understood to be any 
special one determined according to the two conditions just indicated. 

Returning to the expression S, let us now consider the first of the integrals 
of which it is constituted. Calling « = £1, 2 = &, the values of x corresponding 
to the end points of the sth one of the intervals 6, we have 


ies gdx = ss uP oda: ae 


pal CEs g = o(n, x — a). 
Now, introducing the constant B defined in (III), we may write 


&5 E4 f rs 
a ode = [ f (eae Bids 0B lie fae 
E541 f54 &s1 

and the function g + B will be positive for all values of x such that &,-1 << a < &; 
(n having any value which it may take). Hence, upon applying the first law of 
the mean for integrals, we have 


és és és é, 
if f-¢dx= ak gda + By. { di by, dz, 
és1 E54 


é.1 8. és1 


where f; and f,’ are certain values lying between the upper and lower limits of 
f(x) when gee <2< Es. 
Since £, — £1 = 6, we thus have 


és fs 
wf 5 gdx — Ae if gdx + 6,B6,Dy, 8) 
fs. fe 


where 6, is a quantity lying between — 1 and + 1 and where D,, , has the meaning 
already indicated. 
Hence, recalling what has been said of the sums (10), we may write 


r4— 0) Pp &s 
(12) i fede = Sf. [ gdx + 6Bp; —-1<6<1. 
/—tTr s=1 és4 
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£, &,—a §,—a °f£,1—a 
if gdx = Hl) ¢(n, t)dt = if y(n, t)dt — f o(n, t)dt 
€.-1 0 0 


f.1-@ 


and corresponding to a second arbitrarily small positive quantity o we may, 
by virtue of relation (1), find a quantity n, independent of a such that 


£,—a 
[ g(n, t)dt = — oor Or Nn > Ng, 
Jo —1<6,<1, —1< 6,75 


€,1—a 
if g(n, t)dt = —24+ Oo Te ace ee lide 
0 
Whence, 
bs n> Nes 
J exe KO. owen 


and hence also (cf. (12)) we have for the value of a under consideration 


(13) | [ - res 


where M represents the upper limit of |f(x)| in the intervals (8). 
Similarly, all the g + 1 constituent integrals of S, except the last, may be thus 
treated, thereby leading to the equation 


< 2Mpo + Bop; tie tes | 


(14) s=P+] f-odx, 
tytw 


where for all values of m greater than some value independent of a we have 
|P|< 2gMpo + gBp = 2qMpo + qBp. 


Let us consider finally the integral appearing in (14). For this we first note 
that the interval of integration consists of a portion (or at most the whole) of 
the interval (a, + w, 2,41 — w) belonging to the set (8). Let us suppose that 
Nr << @ — € S nr41 Where n, and 7,41 are the values of x corresponding to the 
extremities of the rth of the p- divisions of length 6,,1 into which we have already 
divided the interval (a, + w, %41 — w). We may then write 


a—€ Ne a—€ 
[feeder = [" feedet ff - oae. 
Ly o tg tw Nr 


g ay 7 


The last integral here appearing is less in absolute value (cf. relations (III) 
and (IJ)) than 


(15) Bibs Westies =e Fay Bp 


where p has the meaning already given. 
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Again, let there be 1 (I = p) of the divisions 6, in the interval (2, + w, 7,). 
Then, treating the first integral in the second member of (15) as we did the first 
integral in S, we obtain (cf. (13)) 


< 2Mlo + Bp = 2Mpo + Bop; Tories 


| Poe sete 
tte 
where 7, is independent of a. 

In summary, then, we have the following result: Let a1, v2, v3, +++, Us +++, qi} 
(vs > Xs-1); (1 + — 7, ty +7) represent the qg points within the interval 
(— m, 7) at which f(a) becomes infinite, and let a be any value such that a — e 
(cf. (7)) lies within one of the intervals 


— 7, tr 0), (Si-O, Ly = 0); ros (yey). 
w arbitrarily small and positive 


and also such that — t < a’ Sab’ <7. Then, corresponding to an arbi- 
trarily small positive quantity p and a second such quantity o, we may determine 
a positive value n, independent of x and such that 


[- seem, P— olde << 2p (gio bg), n> Nz. 


Since B, gq, M and p as well as n, are each independent of a, it follows that for 
all the indicated values of a the first integral in the second member of (7) converges 
uniformly to zero when n = ©. 

It remains to show that the same is true when a — e pertains to one of the 
intervals of the following set: 


(21 — w, %1 + w), (Goad 5 t-20)), ee ee (7 — "tg +); 


w arb. small and positive. 


The desired result follows by reasoning directly analogous to the preceding 
after rewriting (9) in which S and R are, however, defined as follows: 


s=([ +f +--+ [see 2- ade, <0, 


a+w %Atw 


ne (Cie as p+ sareccds ie +- [ )i@ee. x — a)dx. 


g 


Again, the same conclusion may be likewise reached in case either or both 
of the points 2 = — 7, x = 7m are points at which f(x) becomes infinite. The 
forms in which S and R should then be taken readily suggest themselves and are 
therefore suppressed. 
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In like manner it appears that the second integral in the second member of 
(7) converges uniformly to zero when n = © for all values of a such that 


—7 <0 Sa sb! <7, 


These results having been established, we turn to a consideration of the last 
two integrals in the second member of (7). We shall suppose at first that a 
has any special value such that — 7 < a’ Sa Sb’ <r. 

Since by hypothesis f(a) is of limited total fluctuation in the neighborhood of 
the point x = a, the expressions f(a — 0), f(a + 0) certainly have a meaning.® 
We may therefore write the third integral in the second member of (7) in the form 


as) fla-0) f omodt f [let —fle- Mle, dae 


When n = © the first term here appearing approaches the limit 3f(a — 0) 
as a result of relation (I). As to the second term, it follows from our hypotheses 
upon f(x) in the neighborhood of the point 2 = a that the function f(a + ?#) 
— f(a — 0) is of limited total fluctuation in the interval — e < ¢ < 0, at least 
if « be chosen sufficiently small. Whence, in this interval the same function 
will be either monotone or will consist of the difference of two monotone func- 
tions.1? In the former case we may apply the second law of the mean for integrals 
and write 


an [ Yet) —fla-Ole(n, dat=(ile- 9 +fe-O1 [  e(n, dat; 
0<a<e. 


At the same time our choice of € may be made so small that the expression 
|f(a — €) — f(a — 0)| will be less than any preassigned quantity o. With e 
thus chosen, we have now but to make use of relation (II) to see that the 
second term of (16) may be made less in absolute value than Ac, whatever the 
value of n. In case f(a + t) — f(a — 0) consists of the difference of two mono- 
tone functions, the proof may evidently be carried out in a similar manner, 
showing that in this case the absolute value in question will be less than 2Ac. 

Therefore, the limit of the sum of the first and third terms in the second 
member of (7) as n = © is $f(a — 0). Similarly, the limit approached by the 
sum of the second and last terms is $f(a + 0). 

The first part of Theorem I is thus fully established. It remains to consider 
only that part which concerns uniform convergence, and since we have already 
shown that for all values of a such that — 7 < a’ Sa Sb’ < oz the first and 
second terms in the second member of (7) converge uniformly to zero, it will 


9 Cf. Hopson, I. c., § 194. 
10 Cf. Hopson, l. c., § 193. 
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now suffice to show that under the hypotheses of the last part of the Theorem 
the last two terms of (7) when considered for the same values of a each converge 
uniformly to the limit 3f(a). | 
Now, if f(x) be continuous (as the present hypotheses demand) throughout 
the interval (a’, b’) (w = a’, « = b’ included) then f(x) will be wniformly continu- 


ous throughout this interval." Hence, corresponding to an arbitrary choice of 
11 Cf. Hopson, l. c., § 175. 


the positive quantity o, it is possible to determine a positive ¢ independent of a 
and such that 


(18) Ifa-—e)—fla|<o; aes Gs eG 


Introducing this choice of € into (16), we may again write (17) for all the 
indicated values of a (a’ =a = b’) since, from the hypotheses of the second 
part of the Theorem, it follows as before that the function f(a + t) — f(a) is 
either monotone or consists of the difference of two monotone functions of ¢ 
throughout the interval — e < t < 0 whatever the value of a (a Sa S b’)— 
at least if « be taken so small that a’ — € > a, where a; has the meaning given 
in the Theorem. 

Thus, we reach the desired result respecting the third term in the second 
member of (7) and similarly, we reach the indicated result for its last term. 

47. We turn to the proof of Theorem II. It is our purpose here to show that 
relations (I) and (III) of § 46 together with the following suffice for the proof: 

(II)’ Having placed 


1 n 
(19) ®(n, 1) = Lon 0), 


where ¢(n, ¢) is the trigonometric expression (5), we may write for a given value 
of the positive quantity ¢ and all subsequently chosen sufficiently large values 
of n 


ibe |B(n, t)|dt < C; 


where C is a constant (independent of both n and e). 

In proving Theorem II we shall therefore substitute relation (I])’ for relation 
(II) of § 46, but we shall employ relations (I) and (III) as before. 

Assuming first that a has any special value such that — 7 < a’ Sa Sb’ <7, 
we have from (7) 


Ss [so(a) + si(a) + +++ + sn(a)] = fo s@e0, x — a)dz 
(20) - 
oa) 


a. a+ ¢€ 
f(x)P(n, v—a)de+ f f(x) @(n, « — a)dx +f f(x) B(n, « — a)dz, 


where @ is given by (19). 
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Now, the fact that ¢ satisfies (I) and (III) enables us to say at once that ® 
also satisfies the same relations. In fact, if g satisfies (I) the principle of con- 
sistency ($37) as applied to the HétpER method of summation shows that ® 
also satisfies it, while (III) becomes satisfied by ® since we may write 


|B(n, )|S* let, t)|+ | o(n Gl 1, t) | alin ar |e(0, t) |] < ue = B. 

The second member of (20) is the same as that of (7) except for the substi- 
tution of ® for ¢, and since ® satisfies relations (I) and (III) it follows precisely 
as in the discussion in § 46 that the first two integrals on the right in (20), when 
considered for values of a such that — 7 <a’ Sa Sb! <7, converge uni- 
formly to zero as n = ©, provided merely that the integral (4) exists. The 


third term of (20) may be written in the form 


fla—0) { dn, od+ [ Ke +8 —fla— jan, Od, 


provided that f(a — 0) exists. When n= © the first term here appearing 
approaches the limit $f(a@ — 0) since, as already pointed out, ®(n, #) satisfies (1). 
As to the second term, we may choose ¢ so small that throughout the interval 
—«¢e<t< 0 we shall have |f(a+ t) — f(a — 0)|< o where og is an arbitrarily 
small preassigned positive quantity. With e thus chosen and n then taken 
sufficiently large the term in question becomes less in absolute value than 


(21) of |\®(n, t)|dt < Co, 


where C is the constant defined in connection with relation (II)’. Thus, the 
sum of the first and third terms of (20) approaches the limit 3f(a — 0) when n=. 
Likewise, the sum of the second and last terms of (20) is seen to approach the 
limit $f(a + 0). 

The first part of Theorem II thus becomes established, and in order to prove 
the second part it suffices to note (cf. the discussion of (16)) that if f(a) is con- 
tinuous throughout the interval (a’, b’) inclusive of the end points, then the 
quantity ¢ in (20) may be chosen independently of a (a’ < a < Db’). 

48. Having shown that Theorem I results from relations (I), (II) and (III) 
and that Theorem II results from (I), (II)’ and (IID), we shall now show that 
Theorem III results from (I), (II) and (III) together with the following: 


(IV) o(n, t + 2r) = o(n, t). - 


Let us take first the case in which 2 = 7. The expression for 8,(z) may be 


2 The proof of (IV) is‘immediate from (5). 
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obtained by placing a = 7 in (6). This expression, after placing a — r = 1, 
becomes 


@2) ate) = ff f+ Dem, nar=( fo +f) sor + 00m, oat 


Of the two integrals here appearing in the last member, the first, after making 
the substitution t’ = 27 + ¢ and dropping accents, takes the following form as a 
result of (LV) 


[i «+ del, oat 


Whence, we may write 


n(n) = [fort Deln, Dadi + [i + de, bat 
(23) - (e > 0). 


+f fet dem, a+ [fx + den, oat 


We may now show that as n = © the limit approached by each of the first 
two integrals here appearing is 0. In order to do this it will suffice, since the 
integral (4) exists, to show that the property just indicated is true of each of the 
integrals 


d if 
[fe toem, od, [rt don, oa, 


where it is understood that f(r -+ #) remains finite throughout the (closed) 
interval (c, d);}; —7 Sc<dZ-—e, while f(— 7+ 2) remains finite through- 
out the (closed) interval (e, f);«eSe<f=r. 

Let us divide the interval (c, d) into p equal sub-intervals each of length 6 
by means of the points t= c, §= 4, t= t, ---, £=tpu,¢=d. Then, with 
the meaning for B appearing in (III), we may write 


f{ flat den, pdt = inc + dlo(n, t) + Bldt — B i) Fe sand 


and [y(n, t) + B] will be positive when t,_1 < ¢ < t; (m having any fixed value). 
Hence, applying the first law of the mean for integrals, we obtain 


t; t ly te 
flat ben, dt = fa o(n, t)dt + By [ dt — Bi f dt, 
te tea tet tet 
where f, and f,’ are certain quantities lying between the upper and lower limits 
of f(a + t) when f,-1 < t < fy. 
Since t; — ts-1 = 6, we thus have 


t, ty 
fla + de(n, Hat =f, | ‘o(n, ddt + 0.BOD,; ieee 
tet tea 
where D, is the fluctuation of f(a + #) in (¢s—-1, ts). 
9 
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Hence also 
cd p ts p 
(24) if flat Deon, dt = ial) g(n, )dt-+ 6Bb>) DD, —1<6<1. 
c s=l GA s=1 


Now, by taking p sufficiently large the last term of (24) may be made arbi- 
trarily small in absolute value, as follows from the existence of (4). The value 
of p having once been chosen, let us allow n to increase indefinitely. The last 
term of (24) continues arbitrarily small in absolute value, while its first term 
approaches the limit zero, as appears directly upon writing 


ts ty byt 
(h a i * iy 
and applying (I). 


Similarly, the second term in the second member of (23) is seen to have the 
property already indicated. 
As to the third integral in the second member of (23), let us write 


f a NGO AE ij Oma 
(25) a = . 
+ f (flats — fe — Ole, pdt, 


noting that f(7 — 0) necessarily exists since, according to the hypotheses in 
Theorem ITI, the function f(z) is of limited total fluctuation in the neighborhood | 
at the left of the point x = 7. Upon comparing (25) with (16) and noting the 
statements in § 46 connected with the latter, we see at once that as nm = © the 
expression (25) approaches the limit $f(7 — 0). Likewise, as n = © the last 
term of (23) is seen to approach the limit $f(— a+ 0). 

In case x = — a (instead of x = 7) we have the following equations corre- 
sponding to (22) and (23): 


(=m) = fir toe oa=( [+ [")s— + 00m, oa 
= ['i— = + 0een, 9a+ f fee + 000, na 


or 


(m= | fat don, Hdl fo es soeGpE 
1 ino [tetas Cacti 


+ f fet de(m, oat [f— 2+ Holn, dat 


and, upon considering the four integrals here appearing on the right as we con- 
sidered those in (23), we find 


him éa(— 7) = 0+ O+ af + 0) + 3f(— ++ 0). 
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Thus, the proof of Theorem III becomes complete. 
49. Theorem IV likewise follows from (I), (I1)’, (IID) and (IV) upon noting 
that the expressions 


1 
eet fSa(aie ) St @1(Se ar) se a eee r)| 
may be obtained by replacing ¢(n, #) by ®(n, #) in (23) and (26) and that, as a 
result of (IV), we have ®(n, ¢ + 27) = ®(n, 2). 


II 


THE REPRESENTATION OF ARBITRARY FuncTIonS BY Means or DEFINITE 
INTEGRALS. THE FoRMATION oF A GENERAL THEORY FOR THE STUDY 
OF THE SUMMABILITY AND CONVERGENCE OF FoURIER SERIES AND 
OTHER ALLIED DEVELOPMENTS 


50. The manner in which the summability and convergence of Fourier series 
has been shown in §§ 47-49 to depend upon the properties of the integrals 


foln, pdt, fn, dd, 


where g(n, t) and ®(n, t) are defined by (5) and (19) readily suggests the general 
problem of determining a set of sufficient conditions for any function ¢(n, t) of 
the two real variables n, ¢, or more generally, for any function g(n, a, t) of the 
three real variables n, a, ¢ in order that the integral (cf. (6)) 


er) ff flatdeln,apd orf fiaoln a, #— adds 


shall converge when n = © to the values $ [f(a — 0) + f(a + 0)] or $ [f(b — 0) 
+ f(a + 0)] according as a < a < bora = eitheraor 6b. Naturally, the range 
of possible existence for such functions ¢ will depend upon the conditions im- 
posed upon the given function f(z) when considered throughout the interval 
(a, b), and in determining the form of such conditions we shall hereafter be 
guided by the limitations upon f(a) occurring in the Theorems of § 46. The 
general theorems about to be obtained will serve as a foundation for the dis- 
cussion in §§ 64-70 relative to the summability and convergence of the well- 
known developments in terms of Bessel functions, Legendre functions, ete. 

' 51. Tazorem I. Let o(n, a, t) be a function of the real variables n, «x, t which, 
when considered for values of a lying within any sub-interval (a’, b’) of (a, b) (a < a’ 
<b’ < b) satisfies the following three relations in which n ws restricted to positive 
integral values and in which ¢€ represents a positive quantity which may be taken 
arbitrarily small: 


t 


(I) lim on, a, dt = | ~ 


N=H /0) 


when a—axst=-—e, 
when eSt=b-a. 


NI DH 
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Moreover, let these limits be approached uniformly for all of the same values of 
a and t.}8 


(IT) 


“ 


[era nat] < A; —estZe 
70 


where A represents a constant independent of n, a and t. 
(III) leona)\/< Be ea-asia—e or eXtab—a, 


where B represents a constant independent of n, a and t. 

Also, let f(a) be any function satisfying the following two conditions: 

(A) When considered throughout the interval (a, b), f(a) remains finite with the 
possible exception of a finite number of points and is such that the integral 


fF (ney |a 
exists. 


(B) When considered in an arbitrarily small neighborhood about the (special) 
point x = a (a’ <a < b’) f(x) has limited total fluctuation. 
Then we shall have for the (special) value of a mentioned in (B) 


b 
(28) lim | f@)e(n, a, « — a)du = 2 [f(a — 0) + fla + 0)}. 

Moreover, if (instead of condition (B)) f(x) is continuous throughout the interval 
(a’, b’), the points x = a’, x = b' ancluded, and has limited total fluctuation through- 
out an interval (a1, b1) such that a<ay< a’ <b’ < bi < b, then we shall have 
uniformly for all values of a in (a’, b’) 


b 


(29) lim | f(x)o(n, a, x — ajdx = f(a). 


N= e/a 


13 Thus, to an arbitrarily small positive quantity o it shall be possible to determine a value ng 
independent of both @ and ¢ such that 


t 
| fF on, «, dat +3 


EGE n> No 


provided a and ¢ are assigned values consistently with the relations 


UW KC) EME = StS 6, 


| J etn, a, Dat — 3 


Likewise, 
<9; n> No 


provided «@ and ¢ are assigned values consistently with the relations 
Ca —wor<apes eSt=b-a. 
It may be added that in case one confines the attention to the convergence of the integral 
(27) for special values of a (thus not considering questions of uniform convergence) it suffices 


that relation (I) shall be satisfied for each special value of a (a’ < a <b’). Similarly, the con- 
stants A and B of (II) and (III) may then depend upon a. 
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Proof.—The proof of this theorem is readily supplied upon referring to the 
methods employed in § 46 for the study of the integral (6). We shall therefore 
merely indicate the essential steps. 

Representing the integral (27) by s,(a), we first write (cf. (7)) 


Soe { Oe ee iat if ai eee ae 
+ | f@e(n,a,2—a)dz+ f feag(n, a, 2 — addr. 


Of the four integrals here appearing, the first two approach the limit zero 
asm = © and the convergence is uniform for all values of a such that a’ << a < JD’, 
as results from (I), (IID) and (A). Moreover, the third and fourth integrals 
(considered for any special value of a such that a’ < a < b’) approach respec- 
tively the limits $f(@ — 0), f(a + 0), as results from (I), (II) and (B) (cf. (17), 
(18)). 

Likewise, upon comparison with the corresponding studies in § 46, it appears 
that equation (29) will hold true wniformly under the conditions stated in the 
theorem. 

52. THroreM II. Let g(n, a, t) be a function of the real variables n, a, t 
which, when considered for values of a such thata<a’<a<b’ <b, satisfies 
relations (1) and (III) of § 51 and is such that of we place 


1 
1%) +em—Lat +--+ 00, 0] 


the following relation is satisfied: corresponding to a given € > 0 we shall have for all 
subsequently chosen sufficiently large values of n 


(30) ®(n, a, t) = 


(In) if Pomona tdi 


where C represents a constant independent of n, a and e. 

Also, let f(x) be any function which satisfies condition (A) of § 51 together with 
the following: 

(B)’ When considered in the neighborhood of the (special) point x = a (a’ <a 
< 0b’), the limits f(a — 0), f(a + 0) east. 

Then we shall have for the (special) value of a mentioned in (B)’ 


(31) lim f f(x) ®(n, a, x — a)dxe = F[f(a— 0) + fla + 9)). 


Moreover, if (instead of condition (B)’) f(x) ts continuous throughout the interval 
(a’, b’), the points x = a’, x = DU’ included, we shall have uniformly for all of the 
same values of a ; 

lim | f(a)®(n, a, x — a)dx = f(a). 


n=0 a 
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The proof of this theorem, like that just indicated for Theorem I, is at once 
supplied upon following the steps indicated in § 46 with reference to the special 
integral (6) there occurring. We therefore omit it. 

53. As a generalization of the Theorem III of § 46 we have the following 

TuroreM III. Let o(n, a, t) be a function of the real variables n, a, t which, 
when considered for the special values a = a, a = b (b > a) satisfies the following 
four relations in which n is restricted to positive integral values and in which € repre- 
sents a positive quantity which may be taken arbitrarily small: 


t 
lim | o(n, a, dt = —4 when a—b+esSitza-6 
N= e/() 


(T)a,s 


lim | o(n, b, t)dt = 4 when eS bd 
0 


N= 


(II).,, Relation (II) of $55 is satisfied when a = a and t les in the interval 
0 =t =e; also whena = b and t les in the interval — € StZ=O. 


ap ees when a—-bt+esStZ-6 
a@; 0: 


lo(n,b,) |< B when eStSb—-—a-ez 
where B is a constant independent of both n and t. 
(IV) y(n, a,t-+ b— a) = o(n, b,t+ b — a) = o(n, a, t) = o(n, }, t). 


Also, let f(x) be any function which satisfies condition (A) of § 51 and ts such 
that in arbitrarily small neighborhoods to the right of the point x = a and to the left 
of the point x = b rt has limited total fluctuation. 

Then we shall have 


lim [ f(z)e(n, a, x — a)dx = lim f° f(x)e(n, b, x — b)dx 
= 3[f— 0) +f@+0)}. 


Proof.—Here again the proof may be easily supplied upon reference to the 
analysis occurring in § 48. Thus, for the case in which a = b we may write 


0) =f 10+ 900m, ,00=([" "+ [+ [)J0+ dee, 0, nas 


which, upon making the transformation t’ = b — a + tin the first integral of the 
last member and making use of (IV) becomes 


8) =f f+ doln,d, Na+ [FO + De(n, b, Oat 


+ [flat den, a, Dat 
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Of the three integrals here appearing, the first approaches the limit zero when 
n= ©, as results from (Iq, », (II1)a,, and (A) while the second and third approach 
respectively the limits $f(b — 0) and 3f(a+ 0), as results from (I)a,, Da,» 
and the assumption regarding the behavior of f(#) in neighborhoods arbitrarily 
near to the points 7 = aand 2 = b. 

Similarly, in case wa = a we may write 


sla) = fla + ern, a,ou=([+ [+ [ )sat nee, a, 0a 


=f fat den, a, nat f 0 +)e(np, od 
+ [ fla+ dem, a, dat 


from which we deduce the indicated result as before. 

54. Again, we have (cf. the remarks in § 49 on Theorem IV) the following 

TuHeorEM IV. Let o(n, a, t) be a function of the real variables n, a, t which, 
when considered for the special values a = a and a = b satisfies relations (I)a, », 
(II1).,2 and (IV) of § 54 and also the following: 

The integrals 


Oh as { i20, — 1,4 |dt, ifs \b(n, 1, t)|dt  (e>0), 


when considered for all values of n sufficiently large remain less that a constant 
(independent of €). 

Also, let f(x) be any function which satisfies condition (A) of § 51 and is such 
that the limits f(a + 0), f(b — 0) earst. 

Then we shall have 


lim ACBL) a,x2—a)dx = lim ip f(x) ®(n, b, « — b)dx 
: = }1f@ — 0) + fat 0)]. 


55. Besides the relations given in Theorems III and IV concerning the func- 
tions ¢(n, a, t) and ¢(n, b, t) (which relations are satisfied in particular by the 
function (5) pertaining to Fourier series, with a = — 7 or a = 7) it is important 
to note certain others which we shall find fulfilled by some of the functions 
o(n, a, t) met with in the succeeding pages but which are not fulfilled by (5). 
These relations together with their effects upon the limiting values of the integrals 


ff F@0(n, «, a — a)dr, J 1%(0, a, 2 = ade 


we now summarize in the following four theorems: 
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TuroreM V. Let o(n, a, t) be a function of the real variables n, a, t whch, 
when considered for the special value a = a satisfies the following three relations 
in which n is restricted to positive integral values and in which € represents a positive 
quantity which may be taken arbitrarily small: 


(12 lim i o(n, a, t)dt = G4; extiz=b-a (b >a), 
n=0 /0 


G being a constant (independent of t). 
(II). Relation (II) of § 51 is satisfied whena = aand0 StSe. 


(III). |e(n, a, t)|< B; e=tZb—a, 


B being a constant independent of n and t. 

Also, let f(a) be any function which satisfies condition (A) of § 51 and is such 
that it has limited total fluctuation in an arbitrarily small neighborhood at the right 
of the point x = a. 

Then we shall have 


lim Ror a,x — a)dx = Gif(at 0). 


THEorEM VI. Let o(n, a, t) be a function of the real variables n, a, t which, 
when considered for the special value a = b satisfies the following three relations in 
which n is restricted to positive integral values and in which € represents a positive 
quantity which may be taken arbitrarily small: 


(1), lim f o(n, b, t)dt = — G2; a—-bSts-e (Gea), 
N= e/0 


G. being a constant (independent of t). 
(II), Relation (II) of § 51 ts satisfied when a = b and —¢€ St =O. 


(IIT), |e(n, b, t)|< B; a—-bSts-.6 


B being a constant independent of both n and t. 
Also, let f(x) be any function which satisfies condition (A) of § 51 and is such 


that it has limated total fluctuation in an arbitrarily small neighborhood at the left 
of the point x = b. 
Then we shall have 


im f tee, b, « — b)dx = Ga f(b — 0). 


TueoreM VII. Let v(n, a, t) be a function satisfying relations (1). and (II])q 
of Theorem V but, instead of (I])a, the following: 


(II).’ Relation (II)’ of § 54 ws satisfied when a = a, it being understood that 
the integration there appearing 1s then taken from 0 to € instead of from — € to e. 
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Also, let f(x) be any function which satisfies condition (A) of § 51 and is such 
that the limit f(a + 0) exists. 
Then we shall have 


lim f foe, a, x — a)dx = Gif(a+ 0), 


where ® is defined by (30). 


TuHeoreM VIII. Let y(n, a, t) be a function satisfying relations (1), and 
(III), of Theorem VI but, instead of (I1)p, the following: 

(I])»’ Relation (I1)’ of § 52 ts satisfied when a = b, it being understood that the 
integration there appearing is then taken from — ¢ to 0 instead of from — € to €. 

Also, let f(x) be any function which satisfies condition (A) of § 51 and is such 
that the limit f(b — 0) exists. 

Then we shall have 


lim f s@ve, b, x — b)dx = Gp f(b — 0), 


where ® is defined by (30). 
The first of the Theorems V, VI results directly upon writing 


b—a € b—a 
sa(a) = [ fla+ Del, a, dat = ( i: + f )Ka+doln, a, dd; €>0 


and then applying to each of the last two integrals the methods already used 
in § 48 for the study of similar integrals. 
Theorem VI likewise results upon writing 


(2) a) = f 104 den, b, oat = (f + { ~ 40+ dee, b, td. 


The proofs of Theorems VII and VIII being likewise readily supplied, are 
suppressed. 

56. We proceed to make certain observations which will prove useful in 
applying the general theorems of §$ 51-55 to speczal integrals (27). 

(1) If in applying Theorem I of § 51 it is found that for some special value 
of ¢ different from zero, t = t; + 0 say, the function ¢(n, a, t) becomes infinite 
or otherwise is of such a character that uncertainty arises concerning any one 
of the relations (I), (I]), (III) when ¢ = th, then the theorem will still hold good 
provided that it can be shown that the integral 


t+ 
I= [ [fa + do(n, «9 et 


where & is arbitrarily small and > 0, approaches (n = ©) uniformly the limit 
zero fora <a’ =a Zb' < b, or else is such that for the same values of a and 
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for all (positive integral) values of n the same integral approaches uniformly 
the limit zero as & = 0. 

An examination of the method used in proving Theorem I shows at once the 
correctness of this remark. More generally, in case of uncertainty of any kind 
in the behavior of f(a+ #)¢(n, a, t) for the value t= t + 0 (a-—a<t,<b—a), 
it suffices for the existence of (28) and (29) that relations (I), (II), (IID, (4) 
and (B) (or in (29) the substitute for (B) there mentioned) shall be satisfied 
throughout the two intervals (a -aStSi—8, dt+éStsb-a) 
(€ arbitrarily small and positive) instead of throughout the whole interval (a — a, 
b — a), provided merely that the expression I; above defined has either of the 
properties just mentioned. 

If the exceptional point is ¢; = a — a then, instead of the two intervals, we 
have to consider the single one (a -a+&=t=b-—a), while instead of I; 
as defined above, we shall have to consider the integral 


a—até 
[,® = if | fla + te(n, a, t) | de. 
A corresponding statement may at once be supplied for the case in which the 
exceptional point is 4) = b — a. 

In the case of two or more of the exceptional points 4; (a —a =t, Sb — a) 
the corresponding statements are readily supplied. 

(2) The conditions demanded in Theorem II may be stated without reference 
to the function ¢g(n, a,t). Thus, it suffices (aside from the conditions upon 
f(x)) that the function ®(n, a, t) shall satisfy relations (I) and (III) of Theorem I 
together with (II)’ of Theorem II. 

This follows from the fact that the conditions placed upon ¢(n, a, ¢) in 
Theorem II are there inserted merely that ®(n, a, t) may have the properties 
just indicated, the latter being those upon which the proof in reality depends. 

Similarly, in using Theorems VII and VIII the conditions stated relative to 
g(n, a, t), e(n, b, t) may be replaced by the same conditions referred to ®(n, a, t), 
P(n, b, t). 

(3) Assuming that relations (II), (III), (A) and (B) of Theorem I are satis- 
fied, let us suppose that instead of relation (I) we have the following :!4 


“ ‘ —$+x(a,t) when a-asSstsS—e 
! ae 2 I P) 
ae ae A olny es DUE — s+ x(a,t) when eSt=b—-a, 


n=O 


where x(q, ¢) is any function of a and ¢ such that 
(a) Having given an arbitrarily small positive quantity ¢, one may determine 
a positive quantity € dependent only upon o such that 


™4 As in (I) of §51, it is here to be understood that the convergence (n = «) is uniform 
for the indicated values of a and t. 
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Os we 6; 


Ix(a, |< o when eo 


(b) The partial derivative dy/dt exists whenever a’ Sa =)’, a—aZt 
= b — aw and for the same values of a and ¢ is such that 


| Ox 


oe | < D = constant independent of a and t. 
| 


Under these conditions it is easily seen that the function ¢(n, a, t) — dx/dt 
comes to satisfy relations (I), (ID) and (IID) of the theorem of § 51 from which 
it follows that for a fixed value of a such that a’ = a = b’ we may write 


Tea ee) 
5 


as {se | ie da + iim [serve a,x — a)dz = 


Moreover, if (instead of condition (B)) f(x) is continuous throughout the 
interval a’ = x =)’, the end points 2 = a’, x = b’ included, and has limited 
total fluctuation throughout an interval (a, 61) such that a < a, < a’ < Db’ 
< b, < 6b, then for all values of @ in (a’, b’) the equation will hold true uni- 
formly, it being understood that the right member is then replaced by f(a). 

Analogous remarks relative to Theorems (III), (V), (VI) are readily supplied. 


DL 


Tur CaucuLus or RESIDUES AS APPLIED TO THE SERIES DEVELOPMENTS FOR 
AN ARBITRARY FuncTION.u Tue GENERAL PROBLEM OF STURM 


57. A comparison of the developments occurring in mathematical physics 
for a function f(x) of one real variable x shows that they are ordinarily of the form 


© f f(x) F(x) Hin, x)dax it f(x) F(a) Ho(rn, x) dx 
> Hin; x) . b a5 H2(n, x) = b 
a i) F(a) H2An, x)dx if F(x) H2? (Xn, x)dx 
(33) a a 
[FOF @) Han, 2dr 
+ +++ ++ Hm Mn; 2) = b ’ 
ih F (@) Haas; ade 
where Hi(An, ©), H2(Xn, ), +++, Hm(n, 2) are m functions of x and of a certain 


parameter \ which takes different values from term to term in (33) according to 
some given law, and where F(x) is a function of x only which is finite throughout 
the interval (a, b). 

Thus in the case of a Fourier series we have m = 2, Hi(An, x) = sin n2, 
H2(\n, t=) = cos nz; anda = —7,b= 7, F(x) = 1. Again, in dealing with the 
usual expansion of f(a) in terms of Bessel’s function of order zero, we have 
m = 1, Hi(An, ©) = Jo(rn, z), a = 0, b = 1, F(x) = a, dy being one of the roots 
of the transcendental equation Jo(x) = 0. 

It is to the important developments (33) that we shall hereafter devote our 
attention. 

The first n terms of (33) when considered for any particular value of x such 
as = a may evidently be put into the form 


b 
i f(a~e(n, a, et — a)dz, 
where 


% The calculus of residues was first applied by Cauchy to the study of infinite series, in 
particular to Fourier series (cf. Prcarp, “Traité d’Analyse,”’ Vol. II, Chap. VI, § 9 et seq). Its 
application to the general study of developments in terms of normal functions appears to have 
been first made by Dnt (cf. “Serie di Fourier, etc.,” §§ 61-64) upon whose investigations the 
present § is based. 
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(34) BE oe ee Oe ee 
eka f Peme., aae 


Upon referring to the theorems of §$§ 51-55 it thus appears that in order to 
show the summability or convergence of series (33) to the value 


fC] Ue) Lia- 0) + 7G = 0) 
2 OL ae 2 =. 


Gif(a+0) or G.f(b—0) 


according to the cases there considered it suffices to show that the conditions 
specified for ¢(n, a, t) in the same theorems are present when 


F(a t+ t)Hs(\r, a + ) 
ib FQHZ(,, t)dt 


(35) g(n, a, t) = > EES a) 


Thus the integral 
(36) i o(n, a, t)dt, 
0 


which plays an important part in these theorems, becomes in the present case 


Hi Fa + DHA, a + dt 


(7) [elm a, 0d = 3 HO, a) 
i ee i FOH2(r, t)dt 


58. Now, the values dy, 2, Az, +++, Any *** Of the parameter X are usually 
given as the roots (or part of the roots) of some transcendental equation w(z) = 0 
where w(z) is a function of the complex variable z which is analytic throughout 
all finite portions of the z plane. Thus in the case of Fourier’s series we have 
u(z) = sin zz and in the above mentioned case of the expansion in Bessel’s 
function of order zero we have u(z) = Jo(z). Moreover, these roots, when 
considered as zeros of the function u(z) are ordinarily zeros of the first order and 
we shall suppose this to be the case in what follows. 

Then the function w(z) = 1/u(z) will be analytic throughout the finite z 
plane with the exception of the points Ai, de, As, +++, Any» «**, Where it will have 
poles of the first order and, considering 6(z) to be any other function of z which 
is analytic throughout the finite z-plane, we shall have, provided p is a positive 


integer, 
6(z)w?(z) (2 — An)? = O(An) A? + [0(z)w?(z)(z — An)?)i,(@ — An) + ++ 


(38) [9(z)w?(z) (@ — An) "IK pt P 
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where A is the limit of w(z)(z — An) aS 8 = Ay and w,(z) is a function of z which 
is analytic in the neighborhood of the point z = ), and where 


[8(2)w? (2) (@ — An) ?Ia, 


indicates the value of the sth derivative of 0(z)w?(z)(2 — An)? at the point z = Ap. 
From (88) we have 


O(An)A?  [0(2)w?(z)(@ — An)? hi, 


6(z)w?(z) = (2 — Xn)? ++ (g— ,)?4 


+--+. 


(39) 
[0(z)w? (z)(@ — An)? 


(2 — An)(p — 1)! 


and integrating in the positive direction about any closed contour C which 
encloses the point z = \, but no other pole of w(z) we have by Cauchy’s integral 
theorem 


(40) oe if 6(z)w?(z)dz = 


ore wy(2), 


[0(z)w?(z)(@ — An)? IRS 

iat) 
If, therefore, we integrate about a closed contour C, which encloses the first n 
of the points Aj, 2, Az, --- but no other poles of w(z) we shall have 


1 n p nahh Dp ee 
(41) Si |, Seu" ede = Zz Wee ee 1D The 


and hence also 
sae < [8(z)w?(z)(z — An)? IK 
42 lm — if P = # 
(42) lim 5 J, 0@wr@da = De Gow 
whenever either side of the same relation has a meaning. 
In particular, when p = 1 and p = 2 we have respectively 


(43) Sai), Se)ele)de = 2 10(e)w(e) le — My 
(44) ez | Hat eds = 32 0e)w@\(a— WV, 
or, since ; 
w(a) eh) = 
Ria N., 
1 
w! On) + (. we) @— m9) +5; ne ao ik (@— MP 


[9(z)w*(z)(@ — An)*in = 8’ An) [6 n)(Z — An)?] + On) [0*(2)(z — An)", 


_ 9 An) _ OAn)ul”n) 
Un)? un)? ? 
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relations (43) and (44) may be written in the form 


(45) ei c, U() aie aa Oy ve : 
; 1 ¢ %@) | 8’(Xn) _ On)w!” rn) 
(46) Te pee apy {a wiiN,), 2 Ul Oy 


It is desirable to note also that if in (46) we substitute 6(z)¥(z) for 0(z) we 
obtain 


1 6b) 6! (dn) On) W' On)eu! hn) — WOhn)tU!” On) 
Qri. gq, ur(z) w= =>) | w! (Xn)? + On) u' (An)? } 

so that if W’(An)wu’(An) — WOAn)u’’(An) = 0 we shall have 

(47) 1 x ay, 


2mri Jo, u(2) nat U'(An)? 


59. We proceed to Baty the results in (45) and (47) to the sum (87) which 
defines the integral (86) whose properties are desired in order to investigate the 
convergence of (33). 

Let us suppose that for the given value of a we can construct a function 
6(z) which shall be analytic throughout the finite z plane and such that its value 
at the points \y, As, +++, An, «++ Shall be given by the equation 


a ea Nar) af F(a + t)Hs(An, a + t)dt 
i) 


(48) 8(An) = 2 3 ul (Xn)« 
a ii F(t)H2(n, t)dt 
As a result of (44) we shall then have 
A(z) 
= dz. 
(49) [eta na= 9 f te 


If, again, we can construct a function 6(z) analytic throughout the finite plane 
and subject to the single restriction 


nm Hs(\ny &) i; F(a + t)H<(\n, a + Odt 
(50) it eal ss 
= W(An) { F(t)H2n, t)dt 


w'(An)?s 


where y/(z) is any function of z analytic throughout the finite z plane and such 
that W/(An)u’ (An) = W(An)u’’(An) then, upon applying (47) we shall have 


(51) f o(n, a, t)dt = : : Bev) dz. 


2atJo, w*(z) 


16 Cf, Chapter I, formula (30). 
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It thus appears that by means of (49) and (51)! the discussion of (37) may 
sometimes be transferred to that of an integral of a complex variable z. This 
will be the case in the special developments to be considered in what follows. 

60. We now proceed to examine the series (33) in some of its more important 
cases—viz., those related to the general problem of Sturm. Here we have 

= 1 and, representing by H(An, 2) the single function Hi(An, x), we have by 
hypothesis 


(52) | F(x)H(\m, %)H(\n, x)dx = 0 when n +m. 


Moreover, when x is taken between a and b (a and 6 included) the function 
H(z, x) is assumed to be analytic in z throughout the finite z plane and real when 
z is real; also to be such that when z has any one of the values Ai, Az, «++, An, *** 
it is a solution of a certain linear differential equation of the form 


re) OH (z, ee) 


CACO + {FGa)v(2) + Fu@) He, 2) = 0, 


where K(x), F(x) and F ve are functions of x only, while v(z) is a function of 2 
only. 
In such cases the developments (33) assume the form 


54) x GH Onne), 


where 


i) YOFRQEQ., ode 


if FG)H2O.g2)\de 


We first proceed to note certain general consequences which flow from the 
above restrictions upon H(z, x). 
From (53) we have 


66) (x@ Soe oe 2) Mise Menara es ip sek 


17 Tt is to be observed that if in (49) the function 6(z) has singular points within C, the formula 
continues true provided that the sum of the residues of the right integrand at such points be 
subtracted from the second member. Similar remarks evidently apply in (51) if 6(z)W(z) has 
singular points within Cp. 

18 Cf. Dini, “Serie di Fourier, etc.,” §§ 90-96. The problem here presented has been the 
subject of numerous and extensive researches in recent years, but usually under the assumption 
(not here introduced) that the differential equation (53) in terms of whose solutions the proposed 
development is to be made, shall have no singular points within the (closed) interval (a, b) for 
which the same development is to hold. But this assumption unfortunately rules out some of 
the most important special developments, such as those in terms of Bessel functions and Legendre 
functions. For summary remarks upon the more recent researches of this character, see BOcHER’s 
address before the International Congress of Mathematicians at Cambridge in August, 1912, § 11. 
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(57) 5 ( Ke jee On, mt | + {F(x)v0\n) + Fi(a)}HOn, 2) = 0. 


Hence, after multiplying both members of (56) by H(\n, x) and both members 
of (57) by Hn, 2) and subtracting, we obtain 


F(@) {PAn) — ¥Am)} Am; 2) Hn, 2) 


r fe} ae i 
(58) = | K@| 10, 2) AOm2 ee 2 Oa) || 


and therefore 


u 


f F(x)Hm, ®)H(\n, x)dx = REET K(a) | HO, pene x) 


= (i 


Thus, in order that (52) may be satisfied it suffices that the roots A, Ao, Az, *° 
be so chosen that 


K() | HO. 2) ge — Hy, 2) Se | 
(59) 
oo Hn, 2) 


— K(a) | #0, eee = 0, 


oH oe mee | 
provided m +n. Moreover, among the different ways in which this relation 
may exist is that of supposing that for every value of n we have the following 
two equations Sih diene 


[ K¢e) ae ve WH, 2) = 0 when x= a, 
oO OH (yx 
K(z) 9H hn 2) —hHOn», 2) =0 when «= b, 


h and h’ being any real constants, including the limiting values h = + ~, 
h’ = + © corresponding to which the same equations become H(Ay, a) = 0 
and H(A\,, 6) = 0 respectively. We shall hereafter confine our attention to the 
cases in which relations (60) are satisfied. Furthermore, if K(a) + 0, K(6) + 0, 
we shall suppose that the transcendental equation u(z) = 0 whose roots deter- 


mine the quantities \1, Ae, Az, -+* is taken in the one or the other of the two 
following manners: 
dH (z, 
(61) u(z) = [xe = e* LLCS aries 2) | = 
oH 
(62) ule) = | Ke) AS — a, »)| = 
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thus rendering one of the two relations (60) satisfied at once. Similarly, if 
K(a) = 0, K(b) + 0 we shall use (62). In this case it is to be observed that we 
have merely to place h’ = 0 (u(z) having been chosen as indicated) to have 
equations (60) satisfied whatever the solution H(z, x) of (53) chosen to be used 
in (54). Likewise, when K(a) + 0, K(b) = 0 we shall use (61) in which case 
the solution H(z, x) of (53) to be used in (54) may be chosen arbitrarily. Finally, 
if K(a) = 0, K(b) = 0 the equation u(z) = 0 may be taken arbitrarily together 
with the solution H(z, x) without destroying the coexistence of (60). 

61. We add that if the solution H(z, 2) considered as a function of the two 
variables z and 2 is finite and continuous together with its first and second partial 
derivatives: 0H /dx, 0H /dz, 0?H /dxdz for all real values of x such thata Sa =b 
and for complex values of z in the neighborhood of each of the points z = An, 
and if the equation (61) (h’ finite or infinite) is satisfied identically for all values 
of z in these regions, then it is easy to evaluate each of the integrals 


(63) if ” F(a) H?0n, 2)dz, 


which appear in the coefficients q, of the series (54). 
In fact, if we change X,, to 2, as we may now do, and integrate from a to x 
(a < a < b) we shall have by (58) and (61) 


1 OH (An, X) 
Fk) | Ke) {He abone 


— HO, 2) 2} |, 


i RE THNS as = 


and this holds true for any value of z in the indicated regions. 
Whence, upon allowing z to approach the value , we obtain under the 
present hypotheses 


xc : - 1 OH (Xn; 2) OH(n; x) 
f F(x) H?An, 2)dx = vn) | Ke) { Orn Ox 


— H(ry, 2) 


0? (An; 2) } 
OAn,OX 3 


where if desired \,, may be changed to 2 for values of z in the indicated regions. 
Passing now to the limit as z = b we obtain 


; ; ae OH (Mny %) OH ny #) 
(64) il ee Fo LEO { On ths 


= 10, 2) HO} 


Od,0x 


in which as above we may replace \, by z provided z has values in the indicated 
regions. 
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Finally, by use of the second of equations (60) we may write (64) in the 
following form when h is finite: 


OH(Xn; ) Zo 
Orn 


os i F(x) H?(n, x)dx = at | 10. 2) | OH (An; «t) || 


Pa oh 
In like manner, if h = + © so that H(\n, b) = 0 then (64) may be written 


oH Gos at) OH (An, x) 
Ox ‘ 


62. Expressions (64), (65) and (66) thus enable us to find under special con- 
ditions the value of the integral (63). Among the cases in which the same 
special conditions cannot be satisfied, the following are to be especially noted. 

If, as we have supposed, F(7) and H(Ay, x) are real when z is such that 
a =x =b and if in this interval F(x) does not change sign, then the integral 
(63) cannot be equal to zero. Whence, under these conditions (64) cannot be 


used if K(b) = 0 (h finite or infinite) or if 
(67) HQ,, 6) =0 (h finite) 


or if 


(68) 


(66) ii F(x) H?(n, «)dx = ae 5 | Ke ) 


eros 2] =o fs [ Hee | =o (h infinite) 


or (as appears from (65)) if 


| ot Ons &) OH (An; 2) 
Orn 


fH OPH (Xn, X) 


(69) met ACE rare anz |= 0 (h finite). 


63. Returning then to the series (54) and assuming that the quantities 
Ai, Ag, As, «++ are taken as the positive roots of the equation (62) while the equa- 
tion (61) shall be satisfied zdentically for all values (real or complex) of z in the 
neighborhoods of the same values; assuming also that the partial derivatives of 
H(z, x) exist and satisfy such other conditions as we have imposed in § 61, we 
may say that unless K(b) = 0 or one of the conditions (67), (68) or (69) is satis- 
fied, we shall have for such developments when h is finite 


ih | Ke ) ee 8) med) ir 


i) : 1 od ns 2) 
uf F(a) H?n, x)dx = eae yh On 


O?H(n, 2) || _ _ Un) 
O,d2 , TIS: 
On the other hand, if h = + ©, we shall have 
u(z) = H(z, 6), 


(70) 
— K(a) 


H (Xn; 6). 
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» "Orn OH (ns 
(71) if F(a) IP?n, ade = S| KS ( | 


Upon applying formulas (49) and (51) we thus obtain the following general 
results concerning the integrals (36) pertaining to the present developments: 
(1) h finite. Formula (49) here gives 


(72) Hi o(n, a, t)dt = Pec 


where R,, represents the sum of the residues of the integrand at any singular points 
which it may have within C,, besides the points \y, Az, ---, An; 2. €., besides those 
points z = d, within C,, for which 


(2) H (a, «) | "Fet ONG. a pd 


H(z, b) | «a at | ee 


(73) | K@ 5 gos it | = = u(z) = 0. 
Formula (51) here gives 


: 1 6(z)W(z)dz 
(74) g(n, Qa, t)dt = Eye Tey 
{ Qrt “| ee PP aut | 


where R, represents the sum of the residues of the integrand at any singular 
points which it may have within C,, besides those points z = d, for which (73) 
exists, where y/(z) is a function of z only such that W’(An)wu’(An) — WAn)u’’(An) = 0 
and where 6(z) is to be so determined that 


6 


Va)W On) HOw a) [Flat )H On, a + dat 
(An) H (An, 5) 
(2) h= +. Formula (49) here gives 


(75) O(n) = — 


1 v'(z) H(z, «) fF + t)H(z, a+ bdt 
: : dz — R, 
2nt Je, oH ; 
(KE ) He. b) 


where R, represents the sum of the residues of the integrand at any singular 
points which it may have within C,, besides those points for which 


H(z, b) = u(z) = 0. 


(76) f g(n, a, t)dt = 


Formula (51) here gives 


g(2)0(z)dz 
(77) [00 « dit = 5 Sore 
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where R, represents the sum of the residues of the integrand at any singular 
points which it may have within C, besides those points for which 


H(z, b) = u(z) = 0, 


where 
W’(An)U’ (An) — WAn)w’ (An) = 0 
and where 
v’ (An) WU’ (An) H(An; a) fh Flat t)H(n, a+ bdt 
(78) 8’(An) = 2 


vow (KE) 


IV 


Tur SUMMABILITY AND CONVERGENCE OF IMPORTANT SPECIAL DEVELOPMENTS. 
DEVELOPMENTS IN TERMS OF BESSEL FUNCTIONS, LEGENDRE 
FUNCTIONS, ETC. 


1. Certain Important Sine Developments. 


64. As the simplest application of the preceding general results to well- 
known developments in mathematical physics, we now turn to the development 


(79) a, Godin Ape, 
n=1 
where 
7 Ae pe { : : 
(80) Qn = 2x5 Syren f(x) sin A,x dx 
and where the quantities \, are the positive roots of the equation 
(81) zcosz-+ psinz = 0, 


p being a (real) constant + — 1.1% 
In this case H(z, x) = sin zx so that the differential equation (53) becomes 


OH(3, 2) 
Ox? 


Thus, we have K(x) = 1, F(x) = 1, Fi(x) = 0 and, as appears from (80), a = 0, 
ok: 
Moreover, equation (61) becomes satisfied zdentically for all values of z if 
we place h’ = ©, while equation (62) becomes (81) if we place h = — p. 
Considering then that, in the notation of § 60, we here have 


(82) +H (gs, 2) =O, 


u(z) = gsing-+ psing 


and noting that the solution sin zx of (82) is one to which the general results 
obtained in §§ 61, 63 apply, we may write by use of (64) and (81), 


ae : 1 [0 sin zz O sin ex f 0? sin 2x 
sin? grdz = — — sin zz —.—— 
F 22 Ox Oz C202 wiles 


1 in? 
9, [2 cos? z — sin 2 cos z+ 2 sin? zg] = See ll “opto A) 


19 It will be noted that this form of development is the one required, for example, in the 
problem of the cooling of a sphere in air at temperature zero. Cf. Bynriy’s Fourier series (Boston, 
1895), Chap. IV, § 67. 
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and henee 


M Saree 
if sin? \,7 da = ne [An? pp =~ 1)] 
0 


Zn" 
or, since 
: pe 
| ee 
we may write 
An’ + p(p + 1) 
oe = 
if sin? A,x dx Sate 


Thus it appears in the first place that the coefficients gn as calculated by (55) 
agree with the given values (80). 


Now, 
u'(z) = — zssinz+cosz+ pcosz= —zsing+ (C+ p) Rees 
u’(z) = — sing — zcosz— sing — psing = — [2 sinz+ u(z)], 

and hence 
sin An 

y as 2 

(83) w!n) = — 4 De? + pp + UI, 
u'(An) = — 2 sin An, 

so that 

oe een 

4 2) edz = = 

(84) if sin? \,2 dx INF + pp ED 


Let us now avail ourselves of formula (77).2° In order to do this we are 
first to determine the function y¥(z) according to the condition 


W’(An)U’(An) — YAn)wU’’ (An) = 0. 
A possible choice of ¥(z) is ¥(z) = 22+ p(p + 1) since from (83) we have 


U!"(Nn) _ 2Xn 
UX) de pp + 1) 
Assuming that ¥(z) has been chosen in this manner, we now have to deter- 


mine a function 6(z) according to the condition (78) which, by means of (84) 
becomes in the present instance 


t 
sin Ana@ { sin An(@ + t)dt 
0 


6’n) = 2Dn? + p(p + 1] Wn) 


t 
= 2 sin me f sin An(a + t)dt. 
0 


20 Dini has shown through an elaborate investigation that this formula will always lead to de- 
cisive results whenever the solution H(z, x) has the special form H (zx); that is, when the variables 
z and x enter only through their product. (Cf. ‘‘Serie di Fourier, etc.,”’ §§ 97-109.) The well- 
known developments in terms of Bessel functions form a special class of this kind. 
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Hence, let us take 0(z) such that 


t t 
6'(3) = 2 sin za [ sin z(a + t)dt = it [cos t2 — cos (2a + #)|dt 
0 


0 


In particular, let us take 


be hid ti sintz sin (Qa-+ #)z 
6(z) = f i [cos tz — cos (2a + t)z]dzdt =a | ar Re aan fat 


Formula (77) thus becomes 


: pA 2+ p(p + 1) {|S iz sin et 
f oln, a, dt = seit [z cos 2+ p sin zg]? Jy t 2a+ t dia 


1 + (2) sin tz 
&) =a 4 fi [eos 3 + pa Sin. Zl" At ds 


=a ee {1 < w1(z)] sin (2a + Z)z 
~~ Ori 2a+t 


[cos 2 + we(z) sin zg]? 


“) 


where the contour C, is so taken as to inclose the roots Ai, de, +--+, An and only 
these roots of the equation u(z) = 0 and where, in the last two integrals we have 
placed for simplicity 


wx) = PETS oe Peeve 7 


We observe at this point that in applying Theorems I and II of §§ 51, 52 
to the function ¢(n, a, t) of the present development, the values of a and ¢ with 
which we shall bz concerned are such that 


OnGoG sain <a, 
(86) 


= Sty le 


0< a <aetetiaita<ity 22. 


Returning then to (85), let us take as the contour C, the rectangle formed in 
the z plane (g = «+ wy) by thelinesz =a+y,2=2—-W,2=W,2=k-+ wy; 
j being any positive quantity arbitrarily large and & being any positive quantity 
lying between A, and Anyi. Now, the function appearing in the integrand of 
(85) is an odd function of z which remains finite in the neighborhood of the 
point z = 0 since p + — 1. Whence, the portion of the integral in question due 
to integration over the y-axis is equal to zero. Upon the sides which are parallel 
to the x-axis we have dz = dx. Whence, considering first the side upon which 
z= a-+ 1 the last integral of (85) extended over this side becomes 


Sli * {1+ w} {sin Ax cosh Aj+ 7 cos Az sinh A} 5 
DR Jy Ao DD, <i 


where A = 2a+ 1%, Di = cosa coshj —7sin x sinhj + we, De = sina cosh 7 
+ 2cos x sinh 7. 
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Now, the functions w; = w1(z), we = we(z) are each less in absolute value 
than a constant (independent of z) provided |z|>Q = fixed number > 0. 
Thus, we have but to make use of the well-known properties of the hyperbolic 
functions to see that if we place 7 = ++ © the expression above will approach 
uniformly the limit zero for all a and ¢ satisfying relations (86). 

Sunilarly, we reach the same result for the last integral of (85) when extended 
over the side upon which z = 2 — 7. 

Turning now to the first integral in the second member of (85) extended over 
the sides upon which z = x = 2j, we note that 


sintz sin tz oe sinh t7 
ie cosh t7 + 2 cos ta ress 
and hence, 
sin tz ae ; : 
Reger = 2 cos x cosh t7 + 1 COS tx sinh to), 


where ¢, and f, are values lying between 0 and t. Moreover, for all values of ¢ 
under consideration in (86) we have |t|< 1 so that if we place 7 = + © as 
before, the first integral in the second member of (85), like its last integral, will 
approach uniformly the limit zero for all values of a and ¢ concerned in (86). 

We turn then to the consideration of the last member of (85) when extended 
over the side of the rectangle C,, which is parallel to the y-axis. Here we have 
z= k-+ wy, dz = idy and, having taken 7 = + ©, we see from what has just 
been said that for all values of a and ¢ in (86) this member reduces to 


xf af. 1+, sin w 
2 Jo _~{[cos z+ asin z) ¢ y 
87) 


jy ea: * {1+ 1} sin (a+ Az 
-x lat [cos 2 + we sin zg]? d 


( 


in which it is understood that z = k + zy. 

Now, it suffices for our purpose to examine the behavior of (87) as k = © 
and we may take for k any number which, at least for all values of n greater 
than some fixed value, increases indefinitely with n without at any time being a 
root of the equation u(z) = 0; 72. ¢., of the equation 


E = cos z+ we sing = 0. 
Thus, we may take k = nz, in which case 


E? = [cos (nw + ty) + we sin (nw + ry)? 


and hence 


cosh? y[1 + tw. tanh y]? 
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LED OL ttn eae ge tanh? y + 2iw, tanh? y 
EF? cosh? y iat Tiere Slo ESTAR Pee ge) Yy — w,” tanh? y 
Sa 1 tanh 6 
© ad a Bary 
= scatry |} +7 z +3}, 
where, upon recalling the form of we(z), we have y = — 2zip and therefore inde- 


pendent of z, while 6 depends upon z but has a modulus less than a certain fixed 
number M for all values of |z|> a fixed number kp. 
Thus expression (87) becomes 


it 61 sin tz 
=f af (1+% +— tanh y a 2); Py 


sin (2a + f)z 
-2 fal 7 tanh y + *) cay dy, 


1+ “tanh y +33 = 1+ od] 1+Ztenry +5 |, 


where 


so that 6; like 6 has a modulus less than some constant M,; when |z| > a fixed 
number = ky. 

Considering now the terms in (89) which have 2? in their denominator, we see 
that for all values of a and ¢ in (86) these terrhs approach uniformly the limit zero 
ask = 0. Thus, since 


sin (2a + t)z 


= 
coshiys i 


sin (2a + t)k 


cosh (2a + t)y 
cosh? y 


(90) 
sinh (2a + Dy 


cosh? y 


+}cos (Qa + tk 


where 0 < a’ S 2a+t51-+ 0)’ < 2 we have, however great |z| may be, 


sin (2a + é)z 
cosh? y 


=< 2) 
so that 


” 6; sin (2a + f)z ih ‘dt M, 
5 =f x ac 2 cosh? y ay| <3 Poem | as ke + pa. 


In like manner, noting that 


sin tz _ sin th = ty 
91) ree Gre —— cosh ty + 2 cos th ——= 


= k cos tk cosh ty + iycos tk cosh tek, 


where ¢; and ¢; lie between 0 and ¢, and recalling that for all values of ¢ under 
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consideration we have |t|< 1, we may write 


Le ” 61 “sin tz M 

ca | ne dy at [4 Ape pe = 

27 Jo t cosh? y Jo hate 

Similarly it appears that the derivative with respect to ¢ of each of the same 


terms of (89) has the properties just indicated. 
Thus (89) reduces to the form 


=f af (1+% ye ee ue a ta nh y ) sin kt cosh ty Ay 
T Jo 


ae t cosh? y 
+h f “(ese mh) ety 
02) ~ 35 mapa (1+ ppg tem 
- aan (+4 Y) ty Ae y)= Cee Coser 


+ A(a, t, k), 


where, for all values of a and ¢ under consideration, A(qa, t, k) and dA(a, t, k)/dt 
converge uniformly to zero when k = ©. Or, expanding and dropping integrals 
which vanish identically since they are relative to odd functions of y, (92) assumes 
the form 


“sin kt is cosh ty ie yu i sin kt “y tanh y cosh ty 


cosh? y Qn t : Lede - y?) cosh? y 


* k tanh y sinh ty 
ane Ss ec cos ktdt MGC Tae Si dy 


1 sin (2a + t)k ae cosh (2a + ty 
eer = Qa ie 2a+ t a cosh? y dy 


yu ip sin (2a + ou f- y tanh y cosh (Qa + DY ay 
a 27 Jo 2a+t kK? + y¥" cosh? y 


Te (vce (2a + Mat [ k tanh y sinh (2a+ ty 
rd, 2att ety cosh? y 
We proceed to consider separately the six integrals here appearing. 
The first may be put into the form 
Bae 
AO sels 
2r Jy sint 


sint (cosh t 
fi) = = nal ; Y dy 


ei COSh? Yf 


dy + A(q, t, k). 


: k 
+5- f La — fol as, 


sin t 


(94) I,= 


where 
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Whence, if ¢ > 0 the limit of the first term in the last member as k = © is 
f1(0)/4 (ef. Appendix, Lemma II). But 


POE. 
f:(0) = i ae ee 
and hence as k = © the term just mentioned approaches the limit } when ¢ > 0. 
Again, by breaking up the integration in the last term of (94) into that from 
t= 0tot= 7 plus that from tf = 7 to t = ¢ (y arbitrarily small and > 0) and 
observing that the function f,(¢) has limited total fluctuation in the neighborhood 
of the point ¢ = 0, it follows that the same term approaches the limit zero as 
k = o (see Appendix, Lemmas I, III). 
Likewise, if ¢ < 0 we obtain lim J; = — 3. 


k=0 
The second and third integrals of (93) may be reduced respectively to the 


forms 


2 


ye naa y tanh y cosh ae 


~ Onk kt dts es cosh? y 


eye °  # _ y tanh y cosh ty 
ap cos lade f ae Pose dy, 


where ¢; is a quantity lying between 0 and ¢. Since we have always 


= sin kt 


—- —— 
ee = age 


}2 ++ Tie == 
it thus appears that the limit approached by each of these integrals as k = © 
is equal to zero. 

In order to study the fourth integral of (93) let us make therein the substi- 
tution 2a-+¢=2—7. Since k = nm the integral in question becomes 


(95) cen sin kr ar cosh (2 — OY ay, 


25, gee eG cosh? y 


in which it is to be noted that for all values of a and ¢ in (86) the quantity 7 is 
positive (l — b’ << r<2— a’). 
The expression (95) is of the form 


fae sin br 
96 —— 
De 2m Joa jhe 7) sin T 
where 
97 sin r =f" cos (2 — r)y 
(97) fir) = —TJ, cosh? y dy. 


We have now but to apply Lemma I of the Appendix to the integral (96) 
in order to see that for all values of a and ¢ with which we are concerned the 
expression (96) converges uniformly to zero when k = oo. 


CERTAIN SINE DEVELOPMENTS 141 


Finally, the fifth and sixth integrals of (93) are readily seen to approach the 
limit zero when k = © and the convergence is uniform for all values of a and t 
entering into (86), since we have always |2a + t|< 2. 

In summary, then, the present function g(n, a, t) satisfies relation (I) of 
Theorem I, § 51, it being understood that we here have a = 0, b = 1. 

We turn therefore to a consideration of relation (II) of the same Theorem. 
This relation is at once seen to be satisfied since, as just shown, all the integrals 
of (93) converge uniformly to zero for all a and ¢ under consideration except the 
first, and this integral satisfies relation (II) of the theorem by virtue of Lemma III 
of the Appendix. 

Again, relation (III) of Theorem I, § 51 is readily seen to be satisfied in 
the present instance upon noting that the function g(n, a, t) is here equal to the 
derivative with respect to ¢ of the expression (93) and that dA(a, t, k)/dt con- 
verges uniformly to zero, as already pointed out, when k = o. 

Before summarizing these results into a theorem respecting the series (79) 
we turn to consider the application which may be made in the present instance 
of the general Theorem II of § 52, thus arriving at certain results concerning the 
summability of the same series. In view of the existence already demonstrated 
of relations (I) and (III) of § 51 it will here suffice to consider whether relation 
(II)’ of § 52 is here fulfilled. Moreover, the properties of the integral 


t 
(98) ir |B(n, a, t) | de; —¢esise 
0 


of the present development are readily obtained from the expression (93). In 
fact, in order to be assured of the desired properties of (98), it suffices to show 
that each of the seven terms of (93) when affected by the operation 

12 

no 
has these properties, it being understood that absolute values are employed under 
each integral sign and in the integrals which constitute the expression A(aq, #, k). 
For the sake of simplicity and also because the indicated studies are readily 
carried out, though the forms in (93) are complicated, we shall here suppress the 
details, noting simply that the desired result follows in each case when we make 
use of Lemmas IV and V of the Appendix and make use also of (90) and (91) 
in the study of 


i n 
alle, t, k). 


We turn then to note the application of Theorem VI of § 55 to the present 
development in order to ascertain the limit approached by the series (79) when 
x= 1. 
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For this purpose we first observe that the integral 


t 
if g(n, 1, t)dé 
0 


is here obtained by placing a = 1 in the expression (93). In the resulting new 
expression the first three integrals, when considered for values of ¢ such that 
— 1=tS — eare readily seen to have the properties already obtained for the 
corresponding integrals for the case 0 < a < 1 (in which case — 1 < ¢ instead of 
ea et 

The fourth term, however, does not approach the limit zero in case a = 1 
since the lower limit of integration in (95) is now equal to zero so that the reason- 
ing before employed can not be used. The resulting integral now assumes the 
character of the first integral of (93) and if treated in the manner naturally 
suggested by the analysis of that integral we find directly that for the values of 7 
under consideration the limit approached as k = © is — fi(0)/4 where f1(0) 
is to be determined from (97). In order to find the value of f;(0) it is desirable 
to make first the following general observation: 

If g(y) is a function of the real variable y which, together with its first deriva- 
tive, is finite for all values of y then, for any number @ such that |6|< 2 we shall 
have 


x COS UUs, ve a0 i ,,_, sinh 6y 
[ew Ste - pop |e One LY 


cosh? cosh? 


2 og cosh 6y sinh 6 cosh 6 
+7-z/ ie) ee le ely) ~~» dy. 


cosh? cosh* y 


(99) 


In fact, integrating once by parts we obtain 


5 cosh 6 hé 
[ow yet = 5) ew ta 


cosh? y cosh? y 
= sinh 6y sinh y 
ote 6 ve gy) cosh? y dy 


(100) 


and in like manner we may obtain also 


sinh @6ysinhy, —— 1 8 ,,.. cosh Oy sinh y 
ae ely) cosh® y es Ces (y) cosh? y 2 


aa thas cosh @ SM ea h @ 
+5) 00) pete — 5 fy ee ay. 


cosh? cosh* y 


ee) 


(101) 


Whence, upon combining (100) and (101) we obtain 


cosh a, oP an 1 stab by | 2 ("~,,.. cosh ey sinha 
ie oy) cosh? y ”  ~——s«@) ey) cee ill ey) cosh? y dy 
Seles cosh by 6 cosh by 
zr &° I ely) cosh? y is Cas ov) cosh* y dy 


and this equation at once gives (99). 
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Similarly, we may find an analogous form for the integral 


3 sinh by 
dhe gy) cosh? y dy. 


Thus, for the function f:(0) where f(r) is defined by (73) we may write 


aes “cosh (2 — 6 si * cosh (2— 
f(0) = lim pe fe ae ee in| 


r4—T)Q—7)J_»  coshty 
3 [cosh 2y 8 pA * tanh? y 
~ 4 J_ cosh y eee 4 (f- cosh? y 1 I cosh? ya ) 


3 
oir ({tann Y\e0 + = [tanh® its) = 2, 


Lg cosh? 7 dy= ae 


As to the fifth integral of (93) when a = 1, the values of t to be considered 
are as before those for which 0 = t S — 1 and for these we have 


\2a + ¢]/=|2+¢/=2 


instead of |2-+ ¢|< 2. The reasoning employed in studying the corresponding 
integral when 0 < a < 1 can not therefore be employed. However, if we break 
up the integral in question into that from ¢ = 0 to t = e; plus that from t = a 
to t = ¢ (e€, arbitrarily small but > 0) the last of the two integrals thus obtained 
will have the limit zero as k = © since for the values of ¢ concerned we have 
|2a + t| = 2 — a < 2; while the first of the same integrals may be made arbi- 
trarily small with e; since by placing 


tanh y cosh (2+ thy _ 
cosh? y - 


cosh (2 + ty 
cosh? y 5 oly) = tanh y 


ely) 


and applying (99) we see that the integral 


fi y cosh 2+ Hy _ 
es epee Ow cosh? y Si 


remains less in absolute value than a constant independent of « for all values of ¢ 
such that — e =t=s 0. 

Similarly, when a = 1 the sixth term of (93) may be neglected in the limit 
ask = o, 

Thus condition (I), of Theorem VI, § 55, becomes satisfied in which in the 
present instance we have G2 = —3—3=—1l@=1,a=0,b=1). 

Relations (II), and (III), of § 55 as well as (II),’ are now readily seen to be 
satisfied (as in the studies already carried out in connection with (93)) so that 


by virtue of the general theorems of §§ 51-55 we reach in summary the following 
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Turorem. If f(x) remains finite throughout the interval (0, 1) with the possible 
exception of a finite number of points and is such that the integral 


1 
(102) [ |p@) lax 
0 
exists, then the serves 
(103) Dy Gn SID Ant 


n=1 


in which 
et p 
he pip + 1) 


An being the nth positive root of the equation 


1 
Gy 2 i f(x) sin An,wda; p = constant + — 1, 
0 


zcosz-+ psinz = 0, 


will converge at any point x (0 < a < 1) in the arbitrarily small neighborhood of 
which f(x) has limited total fluctuation, and the sum will be 


2 [fle — 0) + f(a + O)I. 


Moreover, the convergence will be uniform to the limit f(x) throughout any in- 
terval (a’, b’) enclosed within a second interval (a1, b1) such that 0 < a1 < a’ <b’ 
<b; < 1 provided that f(x) is continuous throughout (a’, b’) inclusive of the end 
points x = a’, x = 0 and has limited total fluctuation throughout (a1, bi). 

Also, of f(x) remains finite throughout the interval (0, 1) with the possible ex- 
ception of a finite number of points and is such that the integral (102) exists, then 
the series (103) will be summable (r = 1) at any point x (0 < a < 1) at which the 
lamats f(a — 0), f(x + 0) exist and the sum will be 


2 fie — 0) + fl + 0)). 


Moreover, the summability will be uniform (§ 45) to the limit f(x) throughout 
any interval (a’, b’) such that 0 < a’ < b’ < 1 prowded that at all points within 
(a’, b’), inclusive of the end points x = a’, x = b’, the function f(x) is continuous. 

Under the same conditions for f(x) when considered throughout the whole interval 
(0, 1), the series (103), when considered for the value x = 1, will converge to the limit 
f(l — 0) provided f(x) as of limited total fluctuation in the neighborhood at the left 
of the point x = 1 and will be summable (r = 1) to the limit f(1 — 0) whenever this 
limit exists. 

65. It may be observed that in the excluded case for which p = — 1 the 
methods which we have followed may be readily altered so as to yield corre- 
sponding results. In this case the integrand of (85) has a pole at the point 
z = 0 so that this point should be excluded from the contour Cy. Supposing 
this to have been accomplished by means of a small semicircle extending to the 
right of z = 0, we may then take as C, the resulting contour in part rectangular 
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and in part semicircular. If the integrations be now carried out as before over 
the respective portions of C,, that arising from the semicircle will be equal to 
— 3r where r represents the residue of the integrand of (85) corresponding to 
the pole z = 0. Except for this auxiliary term, the reductions are the same as 
before, so that in applying the general theorems of §§ 51-55 we encounter an 
application of the remark (38) in § 56. A similar instance will occur in connec- 
tion with the developments in terms of Bessel functions, to which we now turn, 
and in that case we shall elaborate the consequences at some length, though 
such studies will be omitted for the sake of brevity in connection with the present 
series (103). 


2. The Developments in Terms of Bessel Functions. 


66. As a second application of the general results obtained in §§ 51-55 we 
shall now consider certain developments in terms of the function P,(z) defined 


by the equation 
J,(2) 
re) ae g 
where J,(z) represents Bessel’s function of order »v. The developments in 
question are closely related to the well known developments for an arbitrary 
function in terms of Bessel functions and at once yield, as we shall show, results 
of considerable generality concerning the summability and convergence of the 
latter. 

For the function P,(z) as thus defined, we have, when v + negative integer, 


EE pean py eee Co 
(zx)” 2To+D Py + 1)! 24- 21+ 1wt 2) 


P,(sz) = 
(104) 


(ze) 
72 BlG ek De toe a | 


while the equation (53) becomes 


7) (2 eo) ) 


Ox 
Ox 


+ 227?AP (2x) = 0 
or, placing for brevity P,(zx) = P, 

oP oP 
(105) wae + (2vy+ 1) ae + 2¢P = 0. 


Taking a = 0, b = 1, the development (54) in terms of the functions P,(A,2) 
becomes 


(106) > GnP.Ou2), 


11 
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where 


[a9 @P,Oua)de 


(107) Qn = 1 
if diane adel @ We a) fo 
0 


Equations (60) become 


pS P,(vnt) — W'P,QAnt) = 0 when «= 0, 
(108) 
ern mes yAnt) — hP,Ant) = 0 when «= 1. 


Of these the first is seen to be satisfied identically for all values of 2 if we place 
h’ = 0 and assume »v > — 1, while the second gives as the equation u(z) = 0 
(cf. § 64) of the present developments, 

= “2 


u(z) =2 


— hP,(z) = 0. 


We may therefore apply (64) and write 


dP oP aP 
.2v+1 2 — a 
[2 ea | ge pone aoe | 


or since 


op) ope) Norges ol 
x «2 02’ Ozdx x Oz?’ 
we have 
oP oP eo Er 
get 2 pet) ees os SS | Beg ee panne 
0 fe are ss| 3 (= Oz )- Lone Lape Oe ip 
(109) , es 
=5[+(> ) + PS P+ oP| 
v4 a=1 
by (105). 


Thus, if h = + © so that u(z) becomes simply P,(z), we have 
1 2 
(110) [2 P2onade=3(FP@)) = 4v0u) 
0 dz ZEN 


and, since we then have by (105), 
w'’ (An) Pw On) _ 2v+1 


TE Tee XN, 


it appears that if we wish to apply (77) in the study of the function ¢(n, a, #) 
of the present developments we may take at once ¥(z) = 1/2?”*" and @(z) such that 


(111) 6'(z) = 22”! P(az) i). (a + 1)?" P {l(a + te}dé; P= ee 
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On the other hand, if h be finite so that w(z) = zP’(z) — hP(z), we shall 
have by (109) 


1 2 
(1 12) { ger p2 (Anv) dx = I (An) 
0 


On 2 {h(2v + h) + d,7}. 
Now, we have by (105) 


u'(z) = eP”(z) + (1 — A)P’(z) = — (20 + h)P'(z) — 2P(2), 


inl pO MPR) Ssh Pape Se TF) pie) 
— 2P'(2z) + (20 + h— 1)P(2). 
Whence, 
ES 
Wn) = = {h(n +h) +e, 
Pn 
1!" On) = oe {h(2v + 1)(2v + h) + Qv— Dr.}, 
so that : 
EO = af hy + 8) + 8} 
{ epee da tera bp 
0 
wl'(n) ss LAQv + DYQv+H+Q—-—DdA2 Ww) Me? 
7 pa h(Qv + h) +2 eae h(2v + h) +2” 


Thus, in order to satisfy the conditions relative to ¥(z) in the present case 
we should take it so that 


vz) = av +1 2a 
TE Sn Lr Cee 
Let us therefore take 
hQv+h+2 
Y(z) = grt 


in which case it appears that we may take 6(z) as before, viz., such that equation 
(111) is satisfied. 
Now we have from (105) 
a avis OF (a) | 2v+1,2 —_ 
aC a2 + 2’to2P(az) = 0 


with a similar equation obtained by replacing a by a+ t. Hence, 


[a + 8)? — a? ]2”"P(az)P {(a + 23} 


a Af on ( 2 ria to) — LUE ren) | 
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Placing for convenience a + ¢t = B and letting accents represent differentiation 
with respect to z, we may therefore write 


Zz 2v--1 
af 2"11 P(az) P(B2)dz = (pae [P’ (az) P(62) — P’(62)P(az)] 
0 
so that both when h is finite and when infinite we may take 


(113) 6(z) = 27h lle a oe [P’ (az) P (Bz) — P’ (62) P(az)]dt. 


Upon noting the analytic properties of the functions ~(z) corresponding to 
the two above mentioned cases and of the function 6(z), it appears, upon applying 
(77) that the integral (36) of the present developments will be given by the ex- 
pression 


1 i ptt P'(az) P(B2) — P'(Bz)P(az) 
(114) = I poet i Pe) dz 


Sa 
or 


25 t 2v-+-1 h(2p o- h) + ed , ; 
(115) =| x met ip [P(e — bPG)P [P’ (az) P(Bz) — P’(6z) P(az)|dz 
according as u(z) = P(g) or u(z) = 2P’(z) — APCs). 

It is to be noted also that in the developments (106) we shall have by (110) 
and (112) 


9) 1 
Oe PO.) iE J@OerS eae dt 


or 
Ne 


a [A(2v + h) + dp2]P20n) it f (wa P (Anv) dar 


according as the quantities \1, \2, --+ are the roots of P(z) = 0 or 


2P’(z) — hP(z) = 0. 


These results premised, let us now consider the rectangle in the z plane whose 
vertices are the points z=, z=k+4y,2z=k— vw, 2 = — i, 7 being any 
positive quantity arbitrarily large and k being any positive quantity lying be- 
tween A, and Anyi where di, Ae, «++ represent the successive positive roots of the 
equation P(z) = 0 or zP’(z) — hP(z) = 0 according as we are dealing with (114) 
or (115). From the boundary of this rectangle let us exclude the point z = 0 
by means of a small semicircle of radius and let us now take the resulting 
contour in part rectangular and in part semicircular as the contour of integration 
Ch 

Now, the function appearing in the integrand of either (114) or (115) is an 
odd function of z and hence the two portions of these integrals extended along 
the y axis mutually destroy each other, while in either case the portion extended 
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along the semicircle may be made arbitrarily small with 7 unless in (115) we 
have h = 0. In this exceptional case the integrand of (115) has a pole of the 
first order at the point z = 0 and hence, upon applying Cauchy’s integral the- 
orem, the value of the contribution to (115) arising from the semicircle in question 
becomes 


— (Qy + 2) [peta = 22 — Bete, 
0 


In’ order to discuss the remaining portions of the integrals (114) and (115) 
we shall now make use of the following established result :7! 
“Representing by J,(z) Bessel’s function of order v we shall have when 


v > — 3 and g has any value except zero whose real part is positive or zero 
(116) J,(3) = — ee [S (2) e° 0 eal #) a So(z)e7*— [y—1)/4}9)) 

V2r2 
where 


i) i) - ae 8 vy—1/2 
8) =e p é Ss (1-5) ds, 


s x 1 fe 4 a =) de 
see SER ye a a + dig , 


and where, when |2z]| is sufficiently large, these expressions S; and S: may be 
expanded into the forms . 
eo ieee 1 
Bes p> Tin + DTW + 3 — n) (— 2iz)” 
> Ty ts-+n) 
meek (th LT 5 in) 5. 
in which m is any positive integer and in which the expressions 0i(z, v) and 
@2(z, v) become infinitesimals of order as high as the mth when |z|= © and, at 
least when v > + 3, possess first derivatives which as |z|= 2% become infinitesi- 
mals of order as high as the (m + 1)st.” 

Placing — 7 = e~**” in (116) we obtain 


(117) 


aie 01(2, v), 
(118) 


S2(z) = ai O2(z, v), 


WO} fe [Sy (2) er DAI) 48, (g) eH [rH], 


= 


Whence, upon expanding and making use of (104), we have 


2 1 
P,(2) an all Si(@) a Sa(2)} cos (2 — 7 “) 


(119) 


+ i{Si(z) — S2(z)} sin (: _ . x) |, 


2 Cf, H. Wesrr, Math. Annalen, Vol. 37 (1890), pp. 404-416. The facts which we shall 
state regarding the derivatives of ©:(z, v) and @2(z, v) are not explicitly ohueaten by Weber, but 
follow at once from his analysis. 
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so that by (118) we may write when v > 4 and when the real part of z is positive 
(or zero) 


Peel Qy+1 
P,(g) = Val {1 + e(z, v)} cos (:- erty) 


+ £(z, ) sin (.-"F a) |, 


where the functions ¢(z, v) and ¢(z, v) become infinitesimals of at least the 
second and first orders respectively as |z|= © and possess first derivatives which 
as |z|= © become infinitesimals of at least the third and second orders respec- 
tively. 

Moreover, by use of the relation P,(z) = (2v + 2)P,41(2) — 2’P,42(z), we 
may readily show that (120) holds true for all values of v for which P,(z) has a 
meaning—. ¢., unless v is a negative integer. 

Furthermore, since P’(z) = — 2P,41(z) we see that unless v is a negative 
integer we may write 


(120) 


aus : 2 1 
Pe) = — opal (1+ ae») sin (2 a r) 


+ 0(z, v) cos (« — — x) | 


where 7(z, v) and @(z, v) have the properties mentioned above for e(z, v) and 
¢(z, v) respectively. 

Equations (120) and (121) having been obtained, we return now to the dis- 
cussion of (114) and (115) when the indicated integration is extended over 
the portions of C, remaining after removing the semicircle of radius 7 and the 
portions of the y axis. Placing for brevity 


(121) 


we have by (120) and (121) for all values of z upon these portions of C,, unless 
a=0O0orsé=0, 

(122) P(oz) = Garraltl + e(az)} cos (az — a) + faz) sin (az — a)], 

(123) P’(az) = Foal + n(az)} sin (az — a) + 6(az) cos (az — a)], 


(124) P(6z) = Gara tl + €(6z)} cos (82 — a) + £(6z) sin (Bz — a)], 


(125) P’(6z) = Tapa + n(6z)} sin (Bz — a) + 0(Bz) cos (Bz — a)], 
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and, excluding the case in which a = 0, we observe that in applying Theorem I 
of § 51 to the integrals (114) and (115) in question the values of a,tandB =a+t 
with which we shall be concerned are such that 


Oar SO bt eas 
BEE Gant esl = Oy 
0<d<astzat+sselt+a<14+d' <2, 


while in applying Theorems VI and VIII of § 55 for the case in which a = 1, 
we shall have —1=t=0,1S0a+6=2. 


However, when ¢ = — a we have 8 = a+1t= 0 so that expressions (114) 
and (115) cannot be used for all the values of 6 with which we shall be concerned. 
Let us therefore exclude for the present the value t = — a from our investigations, 


treating it later as one of the exceptional values of the type mentioned in remark 
(1) of $56. Thus, representing by é an arbitrarily small positive quantity, we 
proceed to study the integrals (114) and (115) for all values of a, ¢ and 8 satis- 
fying the relations 

One so Od 


(126) —-a+tésizal—a, 
0<a<a<atisatBelit+a<14+0 <2, 


or 
a= Il, 
(127) —-1+é=it=0, 
le=a+ Pp S2. 


From (122), (123), (124) and (125) we find upon performing the indicated multi- 
plications that 


2v-+1 2 v+(1/2) 
ae ~|P'(az)P(2) — P’(B2)P(oz)] = — ae 255 ( £) 


X [fall + «(6z)][1 + n(az)] — 80(Bz)F(az)} sin (az — a) cos (Bz — a) 
— {6[1 + e(az)][1 + (Bz)] — a6(az)¢(Bz)} sin (Bz — a) cos (az — a) 
+ {afl + n(az)]¢(62) — Bll + (Bz)]S(a2)} sin (az — a) sin (Bz — a) 
+ {ofl + €(6z)]@(az) — B[1 + e(az)]8(Bz)} cos (az — a) cos (Bz — a)] 


ee (gy [A sin (az — a) cos (Bz — a) 


sa Hg? — a?) a 
+ B sin (Bz — a) cos (az — a) + C sin (az — a) sin (62 — a) 
+ D cos (az — a) cos (62 — a)] 
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ama ! aii: ee B) a = B)2+ (A Bu B) os es Bay Fi 2a)s 


e 2221(B2— 2) 
+ (C+ D) cos (a — B)z + (D — C) cos (a+ B — 2a)z], 
where A, B, C and D are used for brevity to denote the respective coefficients 


given above of sin (az — a) cos (62 — a), ete. 
Now, we may write 


A-B=(e+A)l+n@))], A+tB=(—A 1+ pro)], 
C+ D= (a— 6)ps(z), C—D= (a— B)pilz), 


where, recalling the properties of the functions €(az), €(z), etc., we see that for 
all values of a, t and 8 in (126) and (127) and for all values of z now under con- 
sideration the functions pi(z), po(z), ps(z) and p4(z) are finite and vanish uni- 
formly like 1/2’, 1/22, 1/2 and 1/z respectively as |z|= ©. We note also that 
these functions may if desired be put in the forms 
n@=", m=, pe=24+4, pe =24+ 

in which dy and fo depend only upon @ and £6 and are finite for all values of a 
and @ in (126) and (127) while bo, co, ¢9 and go depend also upon z but for all 
values of a and 8 under consideration and for all values of z under consideration 
and such that |z| > Q = constant, are less in absolute value than certain con- 
stants independent of a, 6B and zg. For the same values of z we have also 


P(z) = oe [1 + €(z)][eos (e — a) + w(z) sin (z — a)] 


zP’(z) — hP(z) = =o =| 1 inks) ae * | [sin ( — a) + w(z) cos (2 — a), 
where 


02) + "1 + €@)] 


£(z) — 
w(z) = ; ws) = : 
1+ e(z) h 
1+ n(2) hy, Oe) 
Whence, upon recalling that a — 6 = — t, we see that whether we are dealing 


with (114) or (115), the portions of the integral arising from the part OC,’ of Cy 
now under discussion will be of the form 


pala ie v+(1/2) dl 1 4+ qi(2) sin tz 
271 Jo Gyo gee t 


a 
Lae v(e oe dt sin [(@ + B)z — 2a] 
Qnt a Oris yg 


dz 


dz 
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ee oy Me qa(2) sin eet! 
ue) + ni (F ) =a Ae 


27 Jo 


alae i (1/2) qa(2) cos tz 
a a & (2 ) eal ij 


ake «yn dt f cos [(a + B)z — 2a] 
Qnty La a+ B EF? 


las, 


where the functions qi(z), go(z), gs(z2) and qu(z) (like the functions 91(z), pe(z), 
etc.) may be put into the forms 6,/2”, ¢1/2?, di/z + e1/2 and fi/z + gi/z” respec- 
tively and where 

E = cos (2 — a) + o(z) sin (2 — a), 


(129) _ 
E = sin (z — a) + (2) cos (2 — a), 


according as we are dealing with (114) or (115). 

Considering first the portion of C,’ consisting of one of the lines parallel to 
the x axis, we readily obtain as in § 64 the fact that for all values of a, 6 and ¢ 
in (126) each of the integrals in (128) when extended over the line in question 
approaches uniformly the limit zero as 7 = ©. Thus we have merely to con- 
sider (128) in which z = k& + wy and C,’ is understood to extend from y = — © 
to y = + © along the line z = k + wy. 

Now, from the manner in which £ is to be chosen, we see from (129) that we 
may take k = nt + a or k = nr/2+ a; (n = positive integer) according as we 
are dealing with (114) or (115). In either case, equations (129) are such that 


1 y aki 
Po 1+ tanhy +3, 


where y is independent of z while 6 depends upon zg but has a modulus which for 
all values of z under consideration is less than a certain quantity M. 
Thus, (128) may be written in the form 


Se ee 
Qr Jy () = hy UP eR a5 5c Feoskvget 


B\’tG2) dt 2) [(a + B)z — 2a] 
+5 0 2 a+ B EG tanh y + cosh? y dy 
(130) ape? a "(4 :) 
+3 (2) rig 0 +3 cos tz 


+ (24 2) cos (a+ 8): — 2a | or 


3 cosh? y 


where b. has the properties mentioned above of bi. 
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Considering first the terms of (130) which have 2? in their denominator, we 
have but to refer to the discussion of similar terms in (89) in order to see that 
for all values of a, 6 and ¢ in (126) these terms have uniformly the limit zero when 
© = 0, The same is true also of the term 


ip oy ON edt (” cost an 

Pace’ a+ BJ_,. 2 cosh? y 

since we have cos ¢z = cos tk cosh ty — 7 sin tk sinh ty and we know that when 
|t|< 1 (as is the case in (126)) the integrals 


iL cosh ty Y ay, {i |sinh ty| | 
cosh? y iS COS EAC dy 
have a meaning. 


Thus, (130) reduces to 


AANA Se ° vs ) sin tz 
ul (2) at [~ (1+ Ytanh y foe yt 
© GL Yor? wes . ( v )= [(@ + B)z — 2a] 
ay + On 0 G O TAP es ak z tony cosh? y dy 


ak nes ey “cos [(a + B)z — 2a] 
27 Jy \a@ at+tBJ_. z cosh? y 


dy at A(a, t, k), 


where ¢;’ depends only upon a, 8 and ¢ and is finite for all values of these quan- 
tities in (126) and where A(a, t, k) and also dA(a, t, k)/dt depends upon a, 8, 
t and zg but when considered for all values of a, 8 and ¢ in (126) may be made 
(uniformly) as small as we please in absolute value by taking k sufficiently large. 

Upon placing z = k+ zy and recalling the values which k may assume; 
also placing for convenience a + 8 = 2 — 7 and dropping those integrals which 
vanish identically since they are relative to odd functions of y, we thus obtain 
(131) in the form 


L °(B\'t° sin kt ht 
ey (3) sin af cos Y ay 
2a Jo \e t gp COBNY 


a r+CP) sin kt (° y tanh y cosh ty 
ae a 


i Jn (+ yp) cosh? y 
yi g\rtor *& tanh y sinh ay 
Fre ) cos mat ne + y?)t cosh? y 
ae sin kr , (cosh (a + B)y a 
a a+ 6 gut _» cosh’? y 


(132) 


rey T 


a+ eet y cosh? y 


“iL 
ye 


Cas Sinthe °" ~y — tanh y cosh (wa + BY ay 
2a—a) \@ 
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Nee (ne - ° k tanh y sinh (@+ BMY ay 
a+ pl okt y* cosh? y 


a 
pe a cos kr ”k cosh (a + B)y 
2(1—a) 


2a 


T /J2(1—a) 


a+ BO Jeg (i? + y) cosh? y 


ee eae We ae ae y sinh (a + B)y 
Ton 2(1—a) is ao L (k? + y) cosh? y He AIC 3), 


the upper or lower sign being taken according as we are dealing with (114) or (115). 

The expression (132) may, moreover, be used to determine the value of the 
integrals (114) and (115) corresponding to the case a = 1. In fact, when a = 1 
and 8 and ¢ are confined by (127) we readily see that each term of (132) con- 
tinues to have a meaning. 

From the properties already found of the integrals in (93) it now appears that 
the second, third, fifth, sixth, seventh and eighth integrals of (132) when con- 
sidered for all values of a, 6 and ¢ in (126) or (127) have uniformly the limit 
zero as k = ©, while if we treat the first integral as we treated the first integral 
of (93), ah ee here that lim (B/a)’t@ = 1, we find that when k = © this 


integral behaves precisely as ane indicated integral of (93)—~. e., approaches the 
limit $ or — 4 according ast > Oort< — 0. 
Similarly, the integral 


ea (gyn: sin ker a ie cosh (a + BY ay 
2a 2(1—a) Fg sell © 5 aaa) oP cosh? y 


like the fourth integral of (93), has uniformly the limit zero if a’ < a < b’ while 
if a = 1 it has the limit 3. 

Whence, if we are dealing with values of a, 6 and ¢ satisfying (126), the ex- 
pression (132) converges uniformly to the limit 4 or — $ when k = © according 
as t > 0 or t< — 0, while if ~=1 and B and ¢ have values consistent with 
(127) the same expression has the limit 0 or 1 according as we are dealing with 
(114) or (115). 

Thus, exception being made of the case h = 0 in the integral (115), the inte- 
grals (114) and (115) satisfy relation (I) of Theorem I, § 51 provided, however, 
that ¢ has only those values for which -a+&StSl—a;&>0. More- 
over, when a = 1, relation (I), of Theorem VI, § 55 is satisfied for the same 
values of ¢ and in this relation we have in the present instance G2 = 0 or G2 = 1 
according as we are dealing with (114) or (115). 

Again, if h = 0 in (115) the limit approached by this expression as k = © 
(a’ <a < b’) will be $+ (”? — 6”) or — $+ ”? — 8B”) according as 
t > 0 ort < 0, it being understood as before that -a+&StSl-—a. 

Likewise, if w = 1, other conditions remaining the same, the limit approached 
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by (115) as k = 0 will be — 1+ (a2 — g?"”). In both the cases which thus 
arise when h = 0 we evidently meet with an application of the third general 
remark of § 56 and we shall make this application presently. 

Turning to the other relations of Theorems I and VI of §§ 51 and 55, we see 
that in the present developments the function 9(n, a, t) is equal to 


LBP 7 P'(ex)P(B2) — P'(B2)Ploe) , 
2r 8? — a? Jo Pz) : 


if 
n 


(133) 


in the case of (114) while for (115) the same function reduces to 


Oy cas h(2y + h) + 2 


Mee on ea Payer 


or 


0) er 2) Ot 


[P’(az)P(B2) — P'(B2)P(az)|dz 


De Ses P’(az)P(Bz2) — P(B2)P'(az) de 
27 BP — a Jo Pia? ¢ 


according as h + 0 or h = 0. 

Now, for values of a, 6 and ¢ in (126) we may transform (133), (134) and 
(135) by use of expressions (122), (123), (124) and (125) and thus we find that, 
exception being made of the term — (2y + 2)6t! in (135), these expressions 
all reduce to the sum of the derivatives with respect to ¢ of the expression (132). 
From this it follows directly upon using the lemmas of the Appendix that the 
above expressions satisfy relations II and III of Theorem I, $51; also that 
when a = 1 conditions (II), and (III), of Theorem VI of § 55 are satisfied, 
it being understood throughout as before that we are dealing only with values 
of tsuch that -a+éStSl-—a;é>0. 

Moreover, if we affect each of the terms of (132) by the operation 

eee 
understanding that absolute values are taken under the various integral signs, 
it appears as in the study of (93) that when —a+é=S=t=1l—a (E>0) 
relation (II)’ of § 52 is satisfied, as also (II),’ (6 = 1) of § 55. 

It remains, then, merely to consider the integrals (114) and (115) when ¢ 
takes values such that —-aStS—a+é (é>0) and for this it becomes 
necessary, as already noted, to use some other expressions for P(6z) and P’(6z) 
- than (124) and (125), since 6 now takes values indefinitely near to zero. 

Considering, then, that t = — a is one of the exceptional points of the type 
mentioned in remark (1) of § 56 it will now suffice for the application of Theorems 
I, II, VI and VIII of §§ 51-55 that such additional conditions be placed upon f(a) 
that when either of the expressions (133), (134) or (135) is multiplied by f(a + #) 
the absolute value of the product, when considered for values of ¢ such that 
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—aStS—a-+ éEand for all values of n, may be made uniformly small with £, 
this being true when a’ < a < b’ and whena = 1. 

Let us now divide C,’ into two portions C,,”’ and C,,'” the first of these com- 
prising that portion of the line s = k-+ dy for which |y|< 7, where 7 is an 
arbitrarily small positive quantity and the second comprising all other portions 
Cs ae oe 

As regards the expressions (133), (134) and (135) when the integration is 
performed over C,’’, we have but to make use of the well known formula 


1 


= SATO TD 


if sin?” ¢ cos (2 cos ¢)dg; y>—#4 
0 


to see that when |8|< £& the same expressions (Cy’ now replaced by C;,’’) are 
each of the form 6?"'G(a, B, n, —, 1) where G(a, B, n, £, 7) is less in absolute 
value than a constant independent of a, B and n. 

In order to study the same expressions when the integration is performed over 
C,,/”’ we first make the following observations: 

Let us write (120) in the form 


( 2v+1 
cos | 2 ree! 


2 
(136) P,(2) i Ag ; gv +(1/2) A(z, v), 
so that 


2v+1 
AS y) = (1+ ele »)} + £0) tan(z— as r). 


For all values of z (real part > 0) lying upon C,,’”" and of modulus greater 
than some fixed value zo > 0 we see that A(z, v) remains less in absolute value 
than a constant M,;. Moreover, if v (v + neg. integer) has any value except 
one of the form 4(1 -: 4n); n = 0, 1, 2, 3, ---, the same expression when con- 
sidered for values of 2 (real or complex) as near to zero as we please remains 
less in absolute value than a constant M, provided y 24. In fact, it appears 
from (136) that as z = 0, A(z, v) will tend to zero like 2’*@”, since from (104) we 


have 
ih 


2TO + 1)’ pol. 


lim P,(z) = 
7=0 
Whence, if vy has any value = — 4 except one of the form 3(4n + 1); n = 0, 
1, 2, ---, we may write for all values of z upon C,,’”” 


( 27 4-1 ) 
cos (42 = 1 


4 
P,(2) aa gv G/2) Be, v), 


where B(z, v) remains less in absolute value than a constant (independent of z). 
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Similarly, if v has any value > — } except one of the form 3(4n — 1); = 0, 


1, 2, --+, we may write for all values of z upon C,’”” 
; ( 2v+1 
St ee rea 
P(e) = xq, — BO, ») 


where B(z, v) has the properties just mentioned. 
It follows that for all values of z (real part > 0) upon C,’” and for all values 
however small of the positive quantity 8 we may write, provided »y 2 — 34 


2v+1 
cos {| bz — ge 
(137) P5(63) = (62) "FOP B(2, v) 
or 
sin (6: _ ao 3) 
(138) Pi G2) = (an B(Gz, v), 


where for the indicated values of z and 6 the expression B(Gz, v) remains less 
in absolute value than a constant independent of both 6 and z and where the 
first form can be used in all cases except when vy = $(4n + 1); n = 0, 1, 2, ---, 
while the second form can be used in all cases except when v = $(4n — 1); 
m= 0,12, soem 

By means of the relation 


P,'(B2z) = — B’eP,41(B2) 


we now obtain, as formule corresponding to (137) and (138), 


: ( 2v+ 1 
sin { Bz — Mees 
Ly (2) = 3-1/2) 9” G2) B(6z, v), 
(139) 
2v+1 
cos (6: pana Wed 
P,"(Bz) = Br 2/2) 2+ 2) B(Gz, v), 


where B(6z, v) has the properties given in connection with (137) and (138) and 
where the first or else the second formula (and in general both) can be used for 
any given value of vy = — 3. 

Now, if we use in (133), (134) and (135) the forms (137), (138) and (139) 
(thus confining ourselves to an integration over C,’”) we find as before that 
by taking 7 = © the complex integrals become simply those arising when, in- 
stead of C,,’"", we take as path of integration the line z = k + iy, it being under- 


stood that the integration now consists of that from y= — © to y= —7 
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together with that from y = n toy = ©. This statement, as in the former case, 
is seen to be true either when a’ <a < b’ or a= 1. The resulting complex 
integrals thus take a form analogous to (132) involving real integrals of the form 


gen( [+ I’) gily)dy, gown ( [+f ) etada 
ae a ie o3(y)dy, 


where the expressions ¢1(y), ¢2(y) and g3(y) are functions of k, a, B and y in 
each of which the numerator contains, besides factors whose modulus is always 
less than a constant, terms in each of which appears one of the factors sinh ay, 
cosh ay while the denominator contains cosh? y. Thus the integrals in question 
(aside from the factor B~’-“” appearing on the outside) are always less in absolute 
value than a constant independent of a, B and k, it being understood throughout 
that a’ << a < b’ ora = 1 and [B|< é. 

Thus the expressions (104), (105) and (106) when considered for values of 8 
such that |8|< & are of the form 6’t°” H(a, B, n) where H(a, B, n) is less in 
absolute value than a constant independent of a, 8 and n. 

It follows therefore (considering the forms which we have now obtained for 
the expressions (133), (134) and (135) when the indicated integration is performed 
either over C,,’ or C,’”’) that we shall be able to apply Theorems I, IJ, VI and 
VIII of $$ 51-55 to the present developments if we demand (in addition to 
the conditions placed upon f(x) in the same theorems) that the function f(6)6’* @” 
be integrable in the neighborhood at the right of the point 8 = 0, it being under- 
stood also that y > — 4. In other words, we need merely make the additional 
demand that 2’*“f(x) be integrable in the neighborhood at the right of the 
point « = 0. 

Upon applying Theorems I, II, VI and VII of §§$ 51-55 and remarks (1) 
and (3) of § 56 we thus arrive in summary at the following result: 

“Tf f(x) remains finite throughout the interval (0, 1) with the possible ex- 
ception of a finite number of points and is such that the integrals 


€ 1 
(140) { er Fr) | dae, ii \f(x)|dz, — e arbitrarily small and positive, 
0 € 


exist and if P,(z) be the function defined for all values of z and for » > — 1 by 
the equation (104), then each of the three series: 


a aD Nd) 


1 C) 
(2v + 2) i af (a) da ++ 2X Gh EN), 
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Dan POs), 
n=1 


in which \,, Xn’ and d,” represent respectively the nth positive roots of the 
equations 


P,(s) = 0, P,'(g) = 0, aP,'(3) — hP,(z) = 0; h = constant + 0 
and in which 


D: 1 
= pip | POP. Onder, 


9 1 
Qn’ = PA’? i OD) Es he Oat 


0 


Gn as Oye a CEE Ann Cad 
{h(Qv + h) + n!”} Pn’)? Yo 


will converge provided vy = — 3 at any point 2 (0 < x < 1) in the arbitrarily 


small neighborhood of which f(x) has limited total fluctuation, and the sum 
will be 


2 [f(a — 0) + f+ OJ). 


Moreover, the convergence will be uniform to the limit f(a) throughout any 
interval (a’, b’) enclosed within a second interval (a1, 61) such that 0 < a; < a’ 
<b’ <b, < 1 provided f(x) is continuous throughout (a’, b’) inclusive of the 
end points « = a’, x = b’ and has limited total fluctuation throughout (ai, by). 

- Also, if f(a) remains finite throughout the interval (0, 1) with the possible 
exception of a finite number of points and is such that the integrals (140) exist, 
then each of the three series above (v = — } )will be summable (r = 1) at any 
point x (0 < x < 1) at which the limits f(# — 0), f(w + 0) exist and the sum 
will be 

pe — 0) el Ga 0) 


Moreover, the summability will be uniform to the limit f(x) throughout any 
interval (a’, b’) such that 0 < a’ < b’ < 1 provided that at all points within 
(a’, b’) inclusive of the end points x = a’, x = b’ the function f(x) is continuous. 

Under the same conditions for f(z) when considered throughout the whole 
interval (0, 1) the three series (vy 2 — 3), when considered for the value « = 1, 
will converge to the respective limits 0, f(1 — 0) and f(1 — 0) provided that 
f(x) is of limited total fluctuation in the neighborhood at the left of the point 
zx=1. 

The same series when considered for the value z = 1 will be summable to the 
respective limits 0, f(1 — 0) and f(1 — 0) whenever f(1 — 0) exists.” 

67. If we now introduce Bessel functions into this result through the relation 
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P,(z) = 2-’J,(z) and then apply the theorem to the function a~’f(x) instead of 
f(x) we obtain the following: 


TuroreM. If f(x) remains finite throughout the interval (0, 1) with the possible 
exception of a finite number of points and is such that the integrals 


€ 1 
(141) ii at | f(a) | da, ik f(a) | da; e = arbitrarily small positive constant 
0 € 


exist and of J,(2) be Bessel’s function of the first kind of order v then each of the 
three series 


oO 


Ind yas) 5 
1 


n= 


(2v + 2) Hi commen COU itca s Qn’ J y(Nn'), 


» Gal Fin a): 


an which Xn, An’ and dr," represent respectively the nth positive roots of the equations 
J,(z) = 0, 
d 
q @ @) = 2,"@) — wz) = 0, 


2J,/(z) — (h+ v)J,(2) = 0, h = constant + 0, 


and in which 


%: 1 
do = Fre, Fe Owelde, 


oS) 1 
Ge. aoa eel af (x) J, (n'a) dx, 


1/2 1 
ae rte. I af () Tvn0) dex 
{h(2v + h) + Xn’ $I, On"’)? Yo 
will converge provided vy > — % at any point x (0 < a < 1) in the arbitrarily small 
neighborhood of which f(x) has limited total fluctuation, and the sum will be 


[f(z — 0) + f@ + O)]. 


Moreover, the convergence will be uniform to the limit f(x) throughout any interval 
(a’, b’) enclosed within a second interval (a1, 61) such thatO0 << a <a <b <b <1 
provided f(x) ws continuous throughout (a’, b’) inclusive of the end points x = a’, 
z = b' and has limited total fluctuation throughout (a1, 61). 

Also, if f(x) remains finite throughout the interval (0, 1) wath the possible ex- 
ception of a finite number of points and is such that the integrals (141) excst, then 

12 
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each of the three series above (v > — 3) will be summable (r = 1) at any point x 
(0 < a < 1) at which the limits f(a — 0), f(a + 0) eaist and the sum will be 


2 [f(a — 0) + f+ 0). 


Moreover, the summability will be uniform (§ 45) to the limit f(x) throughout 
any interval (a’, b') such that 0 < a’ <b! <1 provided that at all points within 
(a’, b’) inclusive of the end points x = a’, x = b’ the function f(x) is continuous. 

Under the same conditions for f(a) when considered throughout the whole interval 
(0, 1), the three series, when considered for the value x = 1 will converge to the 
respective limits 0, f(1 — 0) and f(1 — 0) provided that f(x) is of limited total 
fluctuation in the neighborhood at the left of the point x = 1. 

The same series when considered for the value x = 1 will be summable (r = 1) 
to the respective limits 0, f(1 — 0) and f(1 — 0) whenever f(1 — 0) exrsts, it being 
always assumed that the integrals (141) exist.” 


3. The Developments in Terms of Legendre Functions. 


68. We proceed to consider the well known development 
Ca} 9) + 1 1 
4) f= Lak); w= Ff MoXaode, 


in which X,(x) represents the polynomial of Legendre (Zonal Harmonic) of order 
n. In the notation of § 60 we here have a development of the form (54) in which 
H(z, x) = X,(x), a = — 1, b = 1 and in which equation (53) becomes 


fe) ox 
i {a Ge f tae DX = 0. 


Moreover, since z is to take only integral values, the equation u(z) = 0 must 


2 It may be noted that our results, in so far as they concern convergence at a special point 
x (0 <a <1), are not in entire accord with those of Dini (‘Serie di Fourier,’ pp. 266-269). 
In fact, instead of the existence of the first of the integrals (141) Drnt requires that | f(x) |xv+2-?, 
where p is the greater of the two numbers », 3, shall be integrable in the neighborhood at the right 
of the point = 0. This discrepancy is due chiefly to a slight error occurring in formula (95), 
p. 237 of Drni’s work, the last term of which should contain under the integral sign e~772v-1-» 
instead of e-tr¥-2-, as appears from the analysis on p. 237. If this formula (95) be altered 
as just indicated and resulting changes be made on pp. 242, 243, 265-269, we are led to the above 
theorem. ‘This same theorem, so far as it concerns convergence, is in accord with the results 
published in recent years by Hopson (Proc. London Math. Soc., Vol. 7 (1908), pp. 359-388), 
while, as regards summability, the theorem is in accord with the results of C. N. Moore (Trans. 
Am. Math. Soc., Vol. 10 (1909), p. 428). 

It may ale be remarked at this point that, except in the study of uniform convergence, 
the results published of late years by Hopson and others respecting the convergence of Fourier 
series and other developments in terms of special normal functions were originally obtained 
rigorously for the first time by Diy1—a fact apparently not well understood. See, however, 
Niexson, “Handbuch der,Theorie der Cylinderfunktionen,” p. 353. 
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here be regarded as given in advance and may be taken for example as 
u(z) = sin rz = 0. 


Furthermore, we have in the present instance K(x) = 1 — 2? so that equations 
(60) become satisfied identically by taking h’ = 0, h = 0. However, since 
K(& 1) = 0 it follows that the general formule of § 61 for the determination 
of the integral (36) corresponding to the present development cannot be used. 
It becomes necessary, therefore, in order to ascertain whether this integral satis- 


fies the conditions of the fundamental Theorem I, §51, to proceed independently 
of such formule. 


Now, the integral (36) here becomes 


(143) [lm « dt = 3 Ont NX.) [Xela + a, 
0 n=0 0 
and hence also 


(144) o(n, a ) = 3 n+) Xda) Xela + 0. 


We proceed to show that the three relations of the general Theorem I of § 51 
are satisfied in the present instance, it being understood that we here have 
awn Oa 

The values of a and t with which we are concerned are such that 


—l<éo Saas bt’ = 1; 
—1l12Zatiz2l. 


We may therefore place a = cos 6’, a+ ¢ = cos @ in which case we have, as is 
well known,”? 


iG 
(145) X,(cos 0)X,(cos 6’) = =f X,(cos y)dg, 
0 


where cos y = cos 6 cos @’ 4+ sin @ sin 6’ cos (g — ¢’), it being understood that 
(0, ¢) and (6’, ¢’) thus represent the polar spherical coérdinates of two points 
M, M’ on the unit sphere, while 7 represents the spherical distance between the 
same points. 

Thus we may write 


t il ” i 6 ; 2a 
ip g(n, a, dt = — ie yy Gn +1) sin 6d0 { Xn(cos y)de 
0 T n=0 Q/ /0 


or, since pe 
: n “ntl 
(146) 2, (2n + 1)X,(cos y) = — = | dy + dy | 


2 Cf, for example, TopuuntTrr’s “Treatise on Laplace’s Functions, Lamé’s Functions, etc.” 
(London, 1875), § 170. 


164 SUMMABILITY OF FouRIER SERIES AND ALLIED DEVELOPMENTS 


we have 


os 1 AXn+1 dg 
(147) ie o(n, a, t)dt = xf sin ea [ {Se + on | oe 


Whence, if we denote by do the element of spherical surface and observe that 
dO is negative when t is positive (7. e., when 6 < 6’), while d@ is positive when ¢ is 
negative, we may write 


(148) { Taso Nal a eee zt i {Se ed ee 


in which the upper or lower sign is to be taken according as ¢ is positive or nega- 
tive and where it is understood that the integration is extended over the zone 
lying between the parallels 6 = 0’ and 0 = 0. 

Let us now choose a new coordinate system (y, W) such that the fixed point 

= (6’, v’) becomes the point y = 0, while the great circle through M’ tangent 
to the circle 6 = 6’ determines the points for which y = 0. Thendo = sin ydydyp 
so that if we represent by 71(6’) the value of y pertaining to the point upon 
the circle 6 = 6’ having the (variable) coérdinate y and agree to place for con- 
venience Y,(cos y) = X,(cos y) + Xnii(cos y), we may put the equation (148) 
into the form 


t 1 h 
f g(n, a, t)dt = cage fi [Y,(cos y)]7Qrdy + I,(6),4 
0 T ly 


in which g = 0, h= 7 or g = x, h = 2m according asa =Oora < 0(@ =az/2 
or 6’ > 7/2) and in which [,(¢) is defined in one of two ways as follows: 
(a) f6< 0 ord@Z=r—-7, 


1 SY aye 
(149) Int) = 7 [” [¥nlcos MRE, 


in which ¢ and x — ¢ represent the two values of y determined by the planes of 
the two great circles through the point y = 0 tangent to the circle 6 = @ and in 
which 2(@) and y3(@) represent the two values of y pertaining to the points upon 
the circle 06 = 6 having the common coordinate y. 

(b) lf <0@< 7-9, 


Lea 
(150) In) = 5 | Ya(cos ya(0))dv, 
T Jo 
in which 3(@) represents the value of y pertaining to the point upon the circle 


6 = 6 having the coérdinate y. 
Upon writing 


[¥,(cos ) 2&0 + [¥n(cos y)]¥-0 — [¥n(cos ) 70% 
4 We here employ the common notation [f(x)]t-. = f(b) — f(a). 
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and observing that Y,,(cos 0) = 2, Y,(cos 7) = 0, we thus obtain | 


t he 
(151) i o(n, a, tdi = +4 +i Y,,(cos 1(0’))dy + I,,(t). 
0 g 


In order to show that relation (I) of § 51 is satisfied it therefore suffices to 
show that for all values of a and ¢ such that 


Cte aS bo <1 
—-l-—-asSsits—-e o eXt=l-ea (e > 0) 
the last two terms of (151) converge (n = ©) uniformly to zero. In doing this 
we shall make use of the following two fundamental results respecting Y,(cos y): 
(A) For values of y in any interval such that 0< éS y Sa—é< 7 the 


expression Y,(cos y) converges (n = ©) uniformly to zero. 
(B) For all values of n we have uniformly lim Yn (cos 7) = 0—1. e., corre- 


y=r—0 


sponding to an arbitrarily small positive quantity o, one may determine a second 
positive quantity ¢ independent of n and such that | Y,(cos y)|< o when 


Tae ae 


The proof of (A) follows directly from the well-known fact® that X,(cos y) 
satisfies the indicated relation, while the proof of Ca may be supplied as follows: 
From the formula” 


Xn(a) == [be + VF= 1 00s olde; ee ee 
we have 
Y,,(x) Se | (1 tat ve? — 1 cos glia + ve? — 1 cos ¢]"do. 
Whence, 
ya@ls= |" [1 + «+ ve? — 1 cos olde S [1+ 2|4+ v1 — 2’, 


so that for all values of m we have uniformly 


bmoy, (2) = 0 or lim Y,(cos y) = 0. 
xr=—1+0 y=r—0 
Results (A) and (B) being premised, we now turn to the second term appearing 
on the right in (151) (which term, except for the sign +, is independent of f, 
but depends upon a). Let us first confine ourselves to values of a which are 
positive (0< a < 6’). For such a value of a the term in question has the form 


at us 
Le I Y,(cos yi)dp; 1 = 71(6"). 
T Jo 


% Cf. for example, Frsir, Math. Annalen, Vol. 67 (1909), p. 103. 
26 Cf. for example, Byrruy’s “Fourier Series, etc.,” p. 166. 
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Omitting the factor + 1/47, let us write this in the form 


tr /2-+n 


U) nm /2—7 
ip Y,(cos yidy + { Y,,(cos yi)dy + Y,(cos y1)dy 
3) ; 


1 ([2—n 


(15 
™—n T 

Nias d Ve dy, 

- ii “__ Yaloos 1) + il © Ya(oos dy 


where 7 is an arbitrarily chosen, small, positive quantity. 

Since | Y,,(cos 71) |= 2 whatever the values of n and 71, the first, third and 
last terms here appearing may be made arbitrarily small in absolute value with a 
proper choice of 7, this being true not only for special values of n and a, but uni- 
formly for all values of a such as we are considering and for all values of n. After 
n has once been chosen, the values of y:; which enter into the second and fourth 
terms under the sign of integration are seen (upon reference to the unit sphere) 
to always be such that 0 < m7 S717 —1< 7 where 7 depends only 
upon 7. From result (A) it follows that the same terms approach uniformly 
(0<a< 0’) the limit zero asn = &. 

Thus the second term of (151) comes to have the properties desired. 

We proceed to examine the properties of the last term in (151) —7. ¢., of the 
expression I,(t). Since ¢is confined by relations (152), the angle 6 never approaches 
(as ¢ varies) nearer to 6’ (regarded as fixed with a) than some positive quantity x 
which, if taken small enough, will be independent of both a and t. With « thus 
chosen, it now suffices to show that for all circles 6 such that either0 < @< @’— k 
or 6’ + «x <60< 7 the expression [,(t) converges (n = ©) uniformly to zero. 
In showing this we shall find it convenient to divide these circles into three 
classes as follows: 


(a) 0< 0< 0 —«k, 
(by) OO ki 0 <a 0 
(c) w-W<O0< a. 
Also, we shall assume for the present (as above) that 6’ < 2/2 (a > 0). 
First, for the circles (a) we have [,,(t) defined by (149) in which y2(6) and 
y3(0) are such that « S y2 = 7/2, ek = 73 S 20’ — xk < a, while ¢ lies between 
fixed limits dependent only upon e (as again appears after noting the significance 


of the various letters upon the unit sphere). Whence, by result (A) we reach the 
desired result for the circles (a). 


As regards the circles (b), let us divide these into two sub-classes as follows: 
(b)’ r—-O—yn<0< 27-8, 
(6+)” W+K<b0<r—-O—y, 


where 7 represents an arbitrarily small positive quantity. 
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For the circles (6)’ we have J,(t) defined by (150), which may be written in 
the form 


(154) 


3 T+w 


; 1 
de) Y,(cos ys)dy + am 


21 — 


Y,,(cos y3)dy, 
1+ 


where w represents an arbitrarily small positive quantity. Now, by choosing 7 
and w each sufficiently small, all the values of y3 entering into the first term of 
(154) may be brought as near as we please to z, so that in view of result (B), 
we conclude that the first term of (154) may be made arbitrarily small in absolute 
value by taking 7 and w sufficiently small and that this is true uniformly for all 
values of n. With 7 and w once fixed, we now observe that the values of 3 
entering into the second term of (154), when considered for the circles (b)’, never 
approach nearer to 7 than a fixed value independent of 6, while the same values 
of 3 remain different by as much as x from 0. Hence, for reasons already stated 
in connection with the circles (a), the second term of (154), when considered for 
the circles (b)’ approaches uniformly the limit 0. 

With 7 fixed as above, let us now consider the circles (6)... Here again we 
have the form (150) for J,(¢), but the values of 3; never approach nearer to 7 
than a certain positive value independent of 6, nor nearer to zero than x, so 
that as before we see that uniform convergence is present. In summary, the 
expression [,,(f) has the desired properties for all the circles (0). 

We turn lastly to the circles (c). Let us divide these into two sub-classes as 


follows: 
(c)! r—O0<06S7r-—0 +4, 


fey aR be eee 0 a 


where p represents an arbitrarily small positive constant. For the circles (c)’ 
we have I,,(¢) defined by (149) and by taking p sufficiently small the values of 3 
pertaining to these circles (c)’ may be made to differ by as little as we please 
from 7. At the same time, however small uw be taken, we have y.2 2 x > 0. 
Whence, using result (B), we see as before that if » be any preassigned arbi- 
trarily small positive quantity, we may take p so small that for all the circles 
(c)’ we shall have uniformly |I,(t)|< v. With » thus chosen, let us consider the 
resulting circles (c)’’. Here again we are to use the form (149), but the values 
of y2 and y3 which enter lie between assignable limits m, n such that m > 0, 
n<mw(m=xk,n=a—n). Hence, for the circles (c)” the expression I,(¢) 
has the desired properties, and in summary we may say that the same is true for 
all the circles (c). 

Thus, relation (I) of § 51 becomes satisfied for all values of a within the 
interval OXa=b’ <1. That it is satisfied also when —1 <a’ Sa =0 
may now be inferred as follows: 


168 SUMMABILITY OF FOURIER SERIES AND ALLIED DEVELOPMENTS 


In the present development we have ¢(n, a, t) = g(n, — a, — t) and hence 


t t —t 
(155) if o(n, a, t)dt = uf g(n, — a, — dt = — { y(n, — a, t)dt. 
0 0 0 


If a be such that a’ = a S 0 it follows from what we have already shown that 
the last member of (155) will converge to the limit $ or — 3 according as — 1+ a 
=-—tsS—eorexS—t=1-+<a, and that for all such values of a and ¢ the 
convergence will be uniform. This is, however, the same as saying that for 
a SaS0and—-—1l—astsS —eoreSt=1-— athe first member of (155) 
shall have the properties desired. 

That relation (II) of § 51 is also satisfied in the present developments follows 
from (151) together with (150). Thus, for all values of a in (152) and for all 
values of ¢ such that — ¢ =¢ = e€ we have 


t 1 T 1 2ar 
[oma oaulsr+z f ay +7 2dt = 2. 


With regard to relation (III) of § 51, we note that the function ¢(n, a, t) 
of the present development is given by (144). Now, availing ourselves of the 
formula 


; n+1 f n 4 Des i tigi! 
5 On + 1)X, (a) X,(x) EES es (x!) X. 2 a (22’) Xn41(2) 


and of the fact that for large values of n the function X,(cos 6) is of the form?’ 


(—) A(n, 6); | A(n, @)|< 1 
provided 6 lies in any interval of the form 0 < €=0 =m — &; € > 0, it appears 
that (IIL) is here satisfied for all values of a and ¢ such that — 1 < a’ Sa = J’ 
<laeand—l—e+ists=—.6 ¢«St21—a— {2 >0)) Whether the 
same is also true (as desired by (III)) when ¢ lies in the intervals —-1—a Zt 
=—l—a+é or D—a—fStal—e remains in doubt, eines veaame 
eventually to an application of remark (1) of §56. Due account of this ex- 
ceptional character will be taken before the final summary of our results into a 
theorem. 

We turn to the consideration of (143) whena=-+1. First, if a = 1 we 
have 


fom 1o@=4 > ent f xat pat 
(156) 0 n=0 0 - 
=—4)) | X,(cos 8) sin 6d0 


27 Cf. Fusir, I. c., p. 108. 
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and we shall now show that for values of ¢ such that — 2+ ¢€=t=—e;4.¢., 
of @ such that 0 < » = 6 =x — 7» (y arbitrarily small but > 0) the last member 
of (156) converges (uniformly) to the value — 1 when n = ©, thus satisfying 
relation (I), of § 55 (@z.= 1) when exception is there made of the value t = — 2 
(0 =m). 

In fact, when a = 1 we have 6’ = 0, so that in using (147) we have y = 6 
while ¢ becomes independent of 6. Thus we may write 


t 6 d 
Lod=3 [5 6) + Xn 6)|d0 
(157) i, o(n, 1, t) 2 J 7p Lkn(cos 8) ++ Xntr(cos 6)] 
= 3[Xn(cos 0) + Xn41(cos 6)]} = — 1+ 4Y,(cos 6). 
The indicated statement thus follows upon noting the properties already men- 


tioned of Y,(cos 6) when 0< 7» S 057-7 (n > 0). 
Again, if a = — 1 we may write 


t n 6 
{ o(n, — 1, 0di = —1)>> (Qn + 1)(- yf Xn(cos 6) sin 6d6 
0 n=0 7 


= — 1 Cnet IN) ace (7 — 6)} sin 6d0 
(158) Nee “! 


() 
=-—43 [ Y,,’ {cos (r — 6)}dé 


= — [in Cos (7 —\0)) leap = 19 1 (COs 0) 


from which it appears that for values of @ such that 7 = @=7— 7 (n > 0) 
1. e., of t such that « = t S 2 — ¢, the first member of (158) converges uniformly 
(n = ©) to the limit + 1, thus satisfying relation (Da of § 55 (Gi = 1) when 
exception is there made of the value t = 2 (6 = 0). 

Relations (II), and (II), of § 55 are evidently satisfied as a result of (157) 
and (158), but relations (III), and (IID), are not satisfied. For example, we 
have 


o(n, L.) =F LOnt+ XA +H = FL Cnt YK alcos 6) 


and as m increases indefinitely the right member here appearing becomes an 
oscillatory divergent series whatever the value of 6.8 We are here led, there- 
fore, not to an application of remark (1) of § 56, but rather to an entire recon- 
sideration of the reasoning by which Theorems (V) and (VI) of § 55 were estab- 
lished. In this way we may supply conditions for f(z) which, notwithstanding 
the present exceptional character of ¢(n, 1, #), will insure the convergence of the 
series (142) when z is equal to either 1 or — 1. 


28 Cf, Frsir, l. c., p. 106. 
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Thus, if s,(1) represents the sum of the first (n + 1) terms of the series (142) 
when 2 = 1, we may write 


(159) sn(1) = ip fA + 4) e(n, 1, t)dt + ‘i fi+ien 1, hd; e>0. 


Since, as already shown, relations (I), and (II), are satisfied, it follows (cf. 
(25)) that the first term here appearing on the right approaches the limit f(1 + 0) 
provided only that the integral ; 

fi ie@laz 


exists and that f(x) has limited total fluctuation in the neighborhood at the left 
of the point x = 1. It remains, therefore, but to impose such further conditions 
upon f(x) that the last term of (159) shall approach the limit zero as n = ©, 
and we shall now show that this will be the case whenever f() is of limited total 
fluctuation throughout the whole interval (— 1, 1). 

First, let us consider the integral 


(160) fA + Hoe(n, 1, tdi. 

—2+e 
Considering that m has any fixed value (positive integral), let us divide the 
interval (— 2 + ¢, — e) into a certain number m of parts such that in each the 
function y(n, 1, t) does not change sign. Let 1, po, -+-, Pm—1 be the corre- 


sponding points of division. We may then write 


| f+ deln, is 7 ee ae +f) sa +e. Pinas 


P1 Pm— Pm-1 


where ¢ = ¢(n, 1, t) and fi, fo, fs, ---, fm are certain values lying between the 
upper and lower limits of f(1 + ¢) when considered within the intervals 


(— 2 i €, Pr), (pi, D2)s aes Dna Pads (Dine ts — €) 
respectively. Whence, if we let 61, 82, +++, Om—1, Om be the values of 
t 
(161) i o(n, 1, t)dt 
—2+6¢ 


at the points t = pi, = po, +++, t = Pm respectively, we may write 


: f+ elm, 1, Od = bil f.— fo) + Oar — Fy Fas 
+ ee Ge art eal ti) + Ons me 
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Since, as already shown, the integral (157) when considered for values of ¢ 
in the interval — 2+ ¢« =t = — e converges uniformly (n = ©) to the limit 
— I, it follows that the integral (160), when considered for the same values of f, 
converges uniformly to the limit zero. Whence, if ¢ be a preassigned arbitrarily 
small positive quantity we shall have, at least if m be chosen sufficiently large, 
|@:|< 0, |@2;|<o, +++, |O@n|<o. Whence, also, if \ represents the upper limit 
of f(1 + t) between ¢ = — 2+ € and t = — e¢, and if D, represents the fluctu- 
ation of f(1 + ¢) in the interval p, < t < psi1, the last equation enables us to 
write 


| l 10+ De(n, 1 pat ae € ney D,) 


s=1 


from which the indicated result concerning the last term of (159) becomes evident. 

Similarly, when x = — 1 we may obtain the corresponding result so that the 
discussion of the convergence of the series (142) may now be readily completed, 
both for the case of a point x such that — 1 < a < 1 and for the end points 
x = +1, except that, following remark (1) of § 56, it remains to consider the 


integrals 
—I-o+e 1 


flat dena, dd, [flat de(n, a, dat 
(162) ae . 


—2+& 


fa+ dem 1,0d,  f/ - 14 Helm, — 1, ode 


In order to complete the discussion it thus suffices to show that, at least if & be 
taken sufficiently small, each of these integrals remains less in absolute value than 
any preassigned positive quantity w provided n be greater than some fixed 
quantity N. Moreover, in the case of the first two integrals, this property should 
be true uniformly for all values of a such that —1< a’ SaZSb’<1—1.2.,, 
the determination of N should not depend upon a. 

Taking the first of the integrals (162), let us now suppose that f(x) is of 
limited total fluctuation in the neighborhood at the right of the point = — 1 
and hence that f(a+¢) has the same property at the right of the point t= —1l—a. 
Then, since we have already shown that the integral (143) converges (n = «) 
to the limit — 4 and that the convergence is uniform for all values of a and ¢ 
such that —l<a’ Sa=0'<1; —l-—aZtS — « it follows that we may 
treat the first of the integrals (162) in the same manner as we treated the 
integral (160), thus showing that however small the choice of the positive 
quantity o, we may determine a value NV (dependent only on a) such that 


eae + ten, a, pat dee, (v as 2 Di) 


1—a 
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where W’ is the upper limit of f(a + #t) inthe interval - 1—a<t<—Il1—-a+é& 
and where 


represents the sum of the oscillations of f(@-+ ¢) corresponding to a certain 
division of the same interval — a sum which by hypothesis is less than a constant. 

Similarly, the second of the integrals (162) is found to have the properties 
desired. 

As regards the third integral, the method just employed cannot here be used 
because we have not investigated the convergence of the integral (157) when 
—2=t=—2+8&. We may, however, show as follows that if f(x) is assumed 
to be of limited total fluctuation in the neighborhood at the right of the point 
x = — 1 (as already implied in the conditions which we have placed upon f(z) 
in order that relation (III), be satisfied) then the third integral of (162) has 
the properties desired. In fact, following again remark (1) of § 56, we may 
then show that the integral in question may be made less in absolute value than 
any preassigned positive quantity by taking & sufficiently small, this being true 
uniformly for all values of 1 sufficiently large. Too see this, if we let the accent 
denote differentiation with respect to 6, we have from (157) 


248 7 
(163) : fd + de(n, 1, )dt = — 4 ic f(cos 0) Y’(cos 6)d6, 
= San 

where 7 depends only upon & and vanishes when = 0. Since f(z) has been 
assumed to be of limited total fluctuation in the neighborhood at the right of the 
point x = — 1, the same function is either monotone in this interval or consists 
of the sum of a finite number of such functions.” Evidently, then, without loss 
of generality we may assume in the study of (163) that f(cos @) is monotone in 
the interval t — 7 < 0< 7. 

This being the case, let us apply the second law of the mean for integrals to 
the second member of (163). We obtain 

—2+é 


fA + Holm, 1, d= — 4-149 [7 "¥,(cos oa 


— 3f(—1+.0) if. Y,,’(cos 6)dé, 


which, upon recalling that Y,(cos 7) = 0, reduces to 
— 3 {f(— 1+ & —f(—14 0)} ¥,(cos (w — m)) + $f(— 1+ £)Y,(cos ( — 7)), 
and of the two terms here appearing, the first, upon recalling that 


Y,,(cos (4 — Ey 
Cf. §46,p.110. Phos se) 


DEVELOPMENTS IN LEGENDRE FuNcTIONS iis 


may be made arbitrarily small in absolute value by choosing & sufficiently small, 
while the second (~ having been fixed) vanishes as n = ©, it being observed 
here that 7 does not depend upon n, so that we are dealing with the expression 
Y,,(cos 6), wherein @ has a fixed value such that 0 < 0 < z. 

Similarly, it appears that the last of the integrals (162) has the properties 
desired in case f(x) is assumed to be of limited total fluctuation in the neighbor- 
hood at the right of the point x = 1. 

In summary, then, we reach the following theorem respecting the convergence 
of the series (142): 

TuroreM I. If the function f(x) of the real variable x satisfies the following 
three conditions: 

(a) remains finite throughout the interval (— 1, 1) with the possible exception of 


a finite number of points; 
1 
f verlas 
exists ; 


(b) ws such that the integral 
(c) 2s of limited total fluctuation in an arbitrarily small neighborhood at the 
right of the point x = — 1 and in a similar neighborhood at the left of the point 
x = 1, then the series 
= 2n 


(164) Xa); og | Ha) Xaas, 


r= 


in which X,(x) represents the polynomial of Legendre (Zonal Harmonic) of order n, 
wil converge at any point x (— 1< x < 1) an the arbitrarily small neighborhood 
of which f(x) has limited total fluctuation, and the sum will be 


2 (f(a — 0) + f@ + 0)). 


Moreover, the convergence will be uniform (§ 45) to the limit f(x) throughout any 
interval (a’, b’) enclosed within a second interval (a1, by) such that —1< a, <a’ 
<b’ <b, < 1 provided that f(x) is continuous throughout (a’, b’) inclusive of its 
end points and has limited total fluctuation throughout (a1, 61). 

Also, if we replace conditions (a), (b) and (c) by the single more restrictive con- 
dition; viz., that f(a) be of limited total fluctuation throughout the whole interval 
(— 1, 1) then the same series will converge when « = — 1 or x = 1 and the respec- 
tive sums will be f(— 1+ 0), fl — 0).*° 

30 The results contained in this theorem, both for the case of an internal point (— 1 < x < 1) 
and for that of the end points z = +1, appear to have been first established rigorously by Hopson 
(Proc. London Math. Soc., Vol. 6 (1908), p. 395. Ibid., Vol. 7 (1909), p. 39). Dun1’s consideration 
of the problem (“Serie di Fourier, etc.,” pp. 278-282), although outlining all the essential steps 
of the required analysis, is but fragmentary, especially that which concerns the end points. In 
Hopgson’s second paper, just noted, less stringent conditions for f(x) are obtained than those 
of the Theorem above, the same resulting from an extended critical study of the behavior of 
X,(x), (— 122 1) for large values of n (1. c., pp. 25-30). 
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69. We proceed to consider the summability (r = 1) of the series (142) and 
in so doing we shall make use of the following well known result :*4 
“Tf we place 


(165) s(y) = 2, (2n + 1)X,(cos 7) 
and ? 
il 

(166) Sn (Y) = maa | [so(y) -+ si(v) + 3s + ly] 
then for large values of n we have 

v 
(167) 8,/(-) ee aa cos|(m+5 )1- F [+o (Y) f> 

Nis 9 


Vr sin 5 (2 sin y)? 


where lim 6,’(y) = 0 uniformly for alle = y Sm — € (ec > 0).” 

ihe will thus appear that although the summability (r = 1) of (142) at an 
internal point (— 1 < x < 1) cannot be assured under conditions so slightly 
limitive as those met with in the corresponding studies of Fourier series (§ 46) 
or the Bessel expansions (§ 67), nor indeed under restrictions upon f(a) which 
are any less than those stated in Theorem I for convergence (r = 0) at such a 
point, yet at the end points x = + 1 the conditions for summability may be 
stated in a less restrictive form than the corresponding ones in Theorem I. 

We begin by noting that, as a result of (144) and (145), the function ®(a, n, t) 
corresponding to the ee development is such that 


&(n, a, 1) = —— [o(n, ot) + oln— 1,0, 1) +--+ + 90,0, 8], 


i 


where 
1 24r nN 
g(n, a, t) = re a s (2n + 1)X,(cos y)de 
T Jo n=0 


the angle y being here determined, as in § 68, through the following relations: 
a=cos@’, a+tt=cos0@, cosy = cos 6 cos &’ + sin @ sin & cos (gy — ¢’), 
it being understood that ¢’ is assigned any fixed value (0 = o’ < 27) independent 
of 0. 


Thus we may write 


1 2ar 
(168) Bn, 0,1) = | s'de, 


where s,’(7) is defined as in (166). 
Now, when tis such that — e S¢ S e (as occurs in relation (II) of the poner 
theorem of § 52) the corresponding values of y pertaining to the neighborhood 
31 Cf, Frater, l. c., p. 107. 
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of the (fixed) point (6’, y’) lie in an interval of the form 0 = y =n where 7 
vanishes with e. Thus, while formula (168) is general, holding for all values of 
a and ¢ with which we are concerned in applying the theorem of § 52 to the 
present development, we are unable to determine whether relation (I1)’ of the 
same theorem is here satisfied until more than is given by (177) is known of 
the behavior of s,’(y) for large values of n. A critical study of s,’(y) for 0 = y 
= eis here needed and such study has apparently not yet been made. 

Again, it cannot be argued from (167) and (168) that relation (III) of § 51 
is here satisfied by ®(n, a, t) (cf. remark (2), §56). This relation, however, is 
seen to be satisfied if we confine ourselves to the intervals -1—a+éSt 
S—e6 e€St=1l—a—é(é>0) instead of —l—aStZ—e exst=1—a, 
but this is nothing more than can be at once inferred from the properties 
already pointed out in § 68 regarding the present function ¢(n,a,t). It may 
be noted that if we could show that s,’(v) when considered for all values of n 
and for values of y within the interval 7 — ¢ = y =7 remains less than a con- 
stant (dependent only upon e) the function ®(n, a, t) would come to completely 


satisfy relation (III) as a result of (167) and (168). That such is true of sp’(y) 
seems probable. 


The conclusion from these remarks respecting summability (r = 1) at an 
internal point x (— 1 < 2 < 1) is therefore purely negative, except naturally 
that such summability will necessarily be present” under the conditions for 
convergence (r = 0) as given in the theorem of the preceding §.** 

Turning to a consideration of the summability (r = 1) of the series (164) 
when x = — 1 or x= 1, we see upon reference to the results obtained for 
y(n, — 1, t) and ¢(n, 1, t) in § 68 that relations (I),, (II)a, (1)p and (ID), of § 55 
are satisfied by the present functions (mn, — 1, ¢) and ®(n, 1, t) (regarded as 
functions of the type ¢ there indicated) except that doubt exists in the case 
of (I), and (I), when ¢t belongs to the respective intervals 2— §éSt32, 
—2=t=—2+£(&>0). In other words, nothing more can be said of 
®(n, — 1, t) and ®(n, 1, ¢) than was said of y(n, — 1, t) and y(n, 1, é) in § 68. 
This, however, is not the case in dealing with relations (III), and (III)p. 

Thus, in (III), we have to consider the expression 


1 
d(n, 1,1) = rae loin, 1,1) + oe — 1,1, 1) +e =e, -49)!; 
where 
o(n, 1,4) = 4 (n+ 1)X,(cos 8) = 38n(8). 
n=0 

We may therefore write 
(169) B(n, 1, t) = 35n'(8), 

32 Cf. § 44. 

33 Cf, Cuapman, Quart. Journ. Math., Vol. 43 (1911), p. 51. For summability (r = 1) 


CuapMan places no restrictions upon f(x) at the extremities of the interval (— 1 < # < 1) other 
than those for the whole interval. 


176 SUMMABILITY OF FourrER SERIES AND ALLIED DEVELOPMENTS 


so that upon introducing (167) we see that (III), is here satisfied for all values 
of ¢ in the interval - 2+ ¢St2=-—e. For the remaining values of ¢ with 
which (III)» is concerned, 7. e., — 2 =¢ = — 2+ &, doubt exists. 

Likewise, relation (III), is seen to be satisfied by (n, — 1, t) except possibly 
for values of ¢ in the interval 2 — € St =2. 

From the general theorem of § 52 together with the remarks in § 56 and the 
investigations already made in § 68 of the last two of the integrals (162) we 
reach the following 

Turorem II. If the function f(x) of the real variable x satisfies conditions 
(a), (b) and (c) of the Theorem I (§ 68) then the series (164) when considered for 
the values x = +1 will be summable (r = 1) to the respective limits f(1 — 9), 
UA Coot ak!) 

70. The difficulties which present themselves in the study of the summability, 
r = 1, of the series (164) disappear in large measure when we consider the same 
problem with r= 2. This fact was first pointed out by Frsér** who confined 
himself, however, to functions f(x) having somewhat greater limitations than we 
shall here find necessary in view of the general theorems of § 52. In what 
follows we shall make use without further remark of the following two preliminary 
results which may be found established on pages 81-87 of Frs&r’s original memoir. 

“ Having defined s,(y) and s,’(y) as in (165) and (166), if we place® 


1 
(170) Sn (Y) = Aa Si (Y) a Sa GY) 


then 

“(1) Whatever the values of n and y (0 < y < 7), sn/’(y) is never negative. 

“(2) For values of y such that e = y S71, ¢ being arbitrarily small but > 0, 
the expression s,’’(y) converges (n = ©) uniformly to zero.” 

These results being premised, we shall now endeavor to apply the general 
theorem of § 52 to the present development. 

Just as we found the formula (168) for the function ®(n, a, #) arising in the 
study of the summability, r = 1, so it appears that if we represent by y(n, a, #) 
the corresponding function which arises when r = 2, we shall have 


(71) Voy at) = 5 f a"(a)de, 


ese Sn'’(y) is given by (170). Whence, upon using result (1) above, we see 
that 


iL Ae) al -f Yn, a, Ad. 


Thus, in view of the fact that the function ¢(n, a, t) (cf. (144)) and hence 


34 Cf. Math. Annalen, Vol. 67 (1909), pp. 76-109. 
8° Thus, 8n”(v) comes to represent Hélder’s second mean for the series (164). 
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W(n, a, t) satisfies relation (ID) of the theorem of § 51 (as shown in § 68) it follows 
that the present function y(n, a, t) satisfies relation (II)’ of § 52. 

Moreover, if we avail ourselves of result (2) above, it appears from (171) that 
W(n, a, t), when regarded as one of the functions of the type ¢(n, a, t) of § 51, 
satisfies relation (III) of the same §. 

It remains but to note that y(n, a, £), when considered as one of the functions 
g(n, a, t) of § 51 satisfies relation (I) of that §, as a result of our analysis in § 68 
in order to see that the conditions for the use of the general theorem of § 51 are 
here all satisfied. 

As regards the summability (r = 2) of the series (164) when x = + 1, it is 
easily seen that y(n, 1, ¢) and y(n, — 1, #) satisfy respectively all the conditions 
demanded by the general theorems VII and VIII of § 55. Thus, upon referring 
to (157) and recalling that Y,(cos 0) = Xn41(cos 6) + X,(cos 6), we have but 
to make use of result (2) above to see that y(n, 1, f) satisfies relation (I), (a =— 1, 
b = 1, G. = 1) of Theorem VI (§ 55). Relation (II),’ of Theorem VIII (§ 55) 
is also satisfied, as follows from the fact established in § 68 that ¢(n, 1, #) satis- 
fies (II), Theorem VI (§ 55), while from result (1) above, we may write 


fF Wet, olat= — [yin 1, oat 


Finally, it follows from (169) that W(n, 1, t) = 4s,’’(0) so that by applying result 
(2) above we see that #(n, 1, 2) satisfies relation (II])s, Theorem VI (§ 55). 

Upon noting the corresponding results concerning y(n, — 1, ¢) and applying 
the Theorems of § 55 we reach in summary the following 

TuHeoreM III. If f(x) be any function which, when considered throughout the 
interval (— 1, 1), satisfies conditions (A) and (B) of Theorem I (§ 51) then the series 
(164) well be summable (r = 2) at any point x (— 1 < x < 1) for which the limits 
f(x — 0), f(@ + 0) exist and the sum will be 


2 [fle — 0) + f+ 0)). 


Moreover, the summability will be uniform (§ 45) to the limit f(x) throughout 
any interval (a’, b’) such that — 1 < a’ < b’ < 1 provided that at all points within 
(a’, b’) inclusive of the end points the function f(x) rs continuous. 

Under the same conditions (A), (B) the series when considered for the values 
z= —1landz=1 will be summable (r = 2) to the respective limits f(— 1+ 0), 
f(1 — 0) provided only that these lumits exist.*® 

36 Interesting results have been obtained by PuancHEREL (Rend. del Cir. Mat. di Palermo, 
Vol. 33 (1912), pp. 41-66) relative to the summability of the Legendre developments when, 
instead of adopting the Hélder definition of sum, one employs that of De la Vallée Poussin (see 
footnote, p. 77). 
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1. Proof of statement (I), § 46. It is desirable for the purpose to establish the following two 
lemmas: 

Lemma I. If a and b are any two real numbers such that either — 7 +¢e=b<aZ—e 
or essa < b= 7 — 6 € being an arbitrarily small positive quantity, and if k is a positive quantity 
which may increase indefinitely according to any law whatever, then 


3 > sin kt 
(1) — the ——_ di = 0. 
and the limit is approached uniformly for all the indicated values of a and b. 
In order to establish this, let us suppose first that a and b are positive and divide the cases 
which may then arise into three sets as follows: 


(a)a<b= () a< <b; (C) = ob: 


— 3 ; 
In (a) we have merely to note that as ¢ varies from a to 6 the function 1/sin ¢ is always posi- 
tive and continually decreasing so that we may apply the second law of the mean for integrals 


and write ee : 
ee de em poms i [ see cos Fe, 
@ gin t sin ava sin a k 
where £ is a certain quantity lying between a and b. Hence, in (a) we shall have 
sin kt 2 2 
— 
(2) Se core ‘| =a a ain 


from which the indicated result becomes evident. 
In (b) we write : 
>sin kt, °*/2 sin kt > sin kt 
(3) Joe a =f, eat fea, 


/2 sin €¢ 


where the first integral of the second member falls in group (a), while the last one, after making 
the substitution t = a — U’, may be written 


ee sin k(a — t) 


a—b sin ¢ ue 


In this integral as t varies from + — 6 to 7/2 the function 1/sin t is always positive and continually 
decreasing so that we may again apply the second law of the mean and write 


witsin k(r —t), 1 & 1 cos kb — cos k(a — £) 
fre at = SS sin be — nat = = al ; ir 
where t —b < ~— < 2/2. 
Whence, ; 
7/2 sin k(a — t) 2 
Hie sin ¢ a) < peo, 


after which the indicated result becomes evident as before. 
In (c) we have, after making the substitution ¢ = 7 — ¢’, 
if sin kt a ™—4sin k(a — t) 
a 


sin t ae a—b sin t Ls 


wheree Sr —b<a—-aze m/2. Hence, proceeding as in case (a) we may write (2). 
178 
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Upon noting that the absolute value of the expression (1) remains unchanged when — a and 
— b are substituted for a and b respectively, the Lemma thus becomes completely established. 

Lemma Il. If k be a positive quantity increasing according to any law whatever and if b be a 
constant (independent of k) and such that 0 <¢e=b= a — «, € being an arbitrarily small positive 


quantity, then 
es jie ee 
pee Oly ahaa oD Dae 


and the limit is approached uniformly for all the indicated values of b. 
In order to prove this let us indicate by k’ the first odd number equal to or greater than k 
and let us place k = k’ — y so thatO=y =2. 


We may then write 
> sin kt if sin kt > sin. kt 
ieee 0 meet aioe 


in which the last term, by reason of Lemma I, approaches uniformly the limit zero as k = ©. 
Also, we may write 


€ sin kt eas NAW. . I Vines 
et eee ee ee) ee 
0 sint 0 sin t 0 sin t 0 sin ¢ : 


and by reason of the general formula f(5) = f(0) + 6f’(05); 0 < @ < 1, we may place 


cos yi = 1 — yt sin yit 
where 0 = yi1=y < 2 and hence 


4° sin kt io f sin kit | es Bs sin k’t sin yit Fact ih cos k’t sin yt 


0 snt “0 sgint 0 sin ¢ sin ¢ ae 


(4) 


Of the three integrals last appearing on the right, the first may be written in the form 
é, mr [2 7/2\ sin k’t 7 ™/2 sin k’t 
5) (J =f ear eng -J. cae 
since, if n be the integer such that k’ = 2n + 1, we have 


7/2 sin k’t a /2 n T 
is ee at = J [1+ 3 cos ant Jar= 5. 


Upon applying Lemmal to the last integral of (5) it thus appears that the integral of (4) in 
question approaches the limit 7/2 ask = o. 

As regards the last two integrals of (4), it is at once evident that each of these may be made 
arbitrarily small in absolute value with e and with this the proof of the Lemma becomes complete. 

The proof of (1) of § 46 may now be made as follows: 

We may write 


Qn +1 


in — t 
ee (ele 


sins 


dt 


Lf (2s? a Cre Dt a =: wa Bs sin (2n + 1)t 
av t/2 sin ¢ a0 sin ¢ 


and when — 27 +e <t < —e we have — 27+ €/2 < t/2 < — «/2 so that the first term here 
appearing in the last member approaches uniformly the limit zero when n = ©, as appears 
from LemmalI. The last term of the same member, however, approaches the limit — 3 as follows 


from Lemma II. 
Similarly, when e < t < 27 — e the desired result follows directly from Lemmas I and II 


upon writing 
1 Cf, Drn1, Serie di Fourier, etc., § 19. 
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sin 


Si o(n, oat = 5 (ft By bys ala os pai fn tts at ph fein en EN a, 
ns 


2. Proof of statement (II) of § 46. We first establish the following Lemma: 
Lemma III. If k is a positive quantity which may increase indefinitely according to any law 
whatever we may write? for any value however great of k and for any value of t such that — 7/2 StS n/2: 


¢ sin kt 
Ah sin ¢ a 
In fact, considering that k& has any particular value among those which it may take and 


considering first the cases in which ¢ is positive, we observe that since the function sin kt vanishes 
by changing sign at the points z/k, 27/k, 37/k, ---, while the integral 


¢ gin kt 
6) if sin ¢ a 


is positive fromt = Otot = a/k, this integral has maximum values at the points /k, 3x/k, 5i/k, +++ 
and minimum values at the points 27/k, 47/k, ---. 
Moreover, the greatest of these maximum values is 


m/k sin kt 
@) ik sin t ey 
for we may show as follows that the difference between any maximum value and the next suc- 
ceeding one is positive: . 
Let 


2S) 7 _ C8 se as Be (2s + (Qs + 3)r _ 
= SFI and oy = SS (2 =0,1,2,3,--- 0 nd =) 


be any two successive points belonging to the set a/k, 32/k, 5a/k, ---. The difference between 
the corresponding maximum values of the integral in question is 


Ay fd sin kt 4 v2 sin kt 1 (ee sint 
- —— dt = —= — at 
0 sin re. o. gint k 
k 


a sin 7 


1 t i 
4 spo sin dit; fe ant at ata abe =m | 1 _ Ae | dt. 
is . . ae . Tv 
estiyy 8D ; Qsriy (23+1)m ay Ses: 
In the last integral here appearing the factor sin ¢ is negative (or zero) for all the values of t be- 
tween (2s + 1)m and (2s + 2) and since, for the same values of t, we have 


t t T Tw 
= ne 
Sp ape Hor 


the factor appearing in square brackets in the last integral is positive when 
(2s + 1)r StS Qs 4+ 2)c. 


In like manner it appears that the least of the minimum values of (6) is 


2m /k sin kt 
i sin ¢ a 
and that this value is positive together with all values of the integral (6) when 0 < tS 2z/k. 


Thus, for all values of ¢ such that 0 < t= 71/2 the integral (6) is positive and in summary 
we may say that the greatest absolute value of (6) when 0 StS 7/2 is given by (7). But 


2 Cf. Dint, I. c., § 18. 
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sin kt, 
mk sin kt sin kyt pm/k kt © 
if snt sin t, Jo Be i Dei nea 
ty 


and since for such values of ¢; this expression is < 1 the Lemma, now follows provided t = 0. 
In order to prove it also for the cases in which ¢ < 0 we need but to note that 


lieavaLn kt =|f sin kt 
| Jo Satie 0 sna” 


By use of Lemma III the proof of (II), § 46, is immediate since we have 


‘sin aa 
ake er 2 _ 1] ¢#?sin Qn + Vt a, 
J, elm, 2) at Qn ae C — iE sin ¢ ao 
| 0 cas} 


A possible choice of the constant A of (II) is therefore A = 1. 

3. Proof of Statement (II)’, § 47. We shall here establish the following general lemma: 

Lemma IV. If k =na-+ 8 where n takes only positive integral values and a and B are any 
two constants (independent of n) of which a > 0, then, corresponding to any « > 0 such that « < 7/2, 
e < z/a, we shall have for all values of n sufficiently large 


(8) ; “S713 


where g is a ceriain constant independent of both n and e. 
Since 


n sin kt kt 


ve A sinit <4, 


sin (— kt) _ sin kt 
sin(—?)- sint’ 


it will evidently suffice to prove the lemma for the expression 


1 fe 
(9) |p 
instead of (8). 
Now, we have 


2 sin 4 
Peary flea 


sin kt _ 
sint sin a 


[sin nat cos Bi + cos nat sin Bt), 
so that by application of the well known formulae 


5 UB sac x 
a sin —> sin (n + 1) iS 


sin n& = 
(10) 3,8 ne: 
2 
cos sin (n + 1) 5 
(11) 3 cos naj] = ‘ A 
ee sin 5 
we obtain ; esa : ; 
sin € € 
(12) = fo | 3 aay jae <= ff vuln, Oat += fp valn, Oat, 
here : 
‘a . nat|| . (n+ 1)at (n + 1)at || sin Bt 
sin — | | sin ~—~—— sin 
2 = = Z sin 2 
WA ae at : va sin t alg 
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Now, for the given value of « we may take n so large that 


(aia 
and write ae 
€ wl(m+lja 
(13) fi vat = Wide is ‘tna Ye 
Now, when 
Tv 
Oa eat Se 5 
we may write 
He 2 Yih : 2 na w TmMe 
sin ¢ Liao net We 4 
2 
and in like manner 
Pe ete (n + ues) in et Lat as l)at 
2 
sin-> Sear al 


Thus it appears that the first term on the right in (13) is less than (7*n/8). Again, the second 
term on the right in (13) may be put into the form 
( t ) 2 \dt 
sin ¢ Sak |e 
sin 


2 € a \2 dt 
a be eat es 


a wWisyz “42 + === 


z sine a ee 


2 2 


a[(n+1l)a 


which 1s less than 


Thus we have 
cl 


from which we see that the first term on the right in (12) has the property indicated of (8). Like- 
wise, the same is seen to be true of the second term on the right in (12) with which the proof 
becomes complete. 

The proof of (II)’ of § 47 follows by considering the special case in which a = 1, 6 = 3. 

4. Lemma V. With k defined as in Lemma IV we have 


(15) fie Ce 2, cos kt = 0, 


n= 


where € is any positive constant such that e <1, € < a/a. 

As in the study of (8) it will here suffice to prove the lemma for the expression obtained 
from (15) by replacing the — «¢ of the lower limit of integration by 0. 

Now, we have 


cos kt = cos nat cos Bt — sin nat sin ft, 
so that upon using formulae (10) and (11) we obtain 


1 € n D) € 
=f, | 3, coskt| ae <2 f) Hat, 


" (n + 1)at 


where 


H= 
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For the given value of e we may take n so large that 


Tv 
(+ ile ~° 
and write 


€ 1/(n+1)a € 
(16) a Hat = J Hat + fy, Hdl 


From (14) it appears that the first term here appearing on the right is less than 7?/2«. 


Again, the second term on the right in (16) may be put into the form 


at 
ele ee ee 
a ri(n-+1)a 2 Roney Ga 

Saat S 


which is less than 
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24: (ps td 2 (n + lew 
=f, Hdt <7~ + ~~ log ; 


T 


Thus we have 


from which the truth of the lemma becomes evident. 
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